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SECTION  I 


INTRODUCTION 


Under  Air  Force  Armament  Laboratory  sponsorship  (Contract 
No.  F08635-74-C-0121)  Unidynamics/Phoenix,  Inc.  conducted  a 
research  and  development  program  to  demonstrate  the  feasibility 
of  a  Safe  Separation  Sensor  (SSS)  to  accurately  determine  arming 
distances  for  conventional  warhead  missile  safety  and  arming 
(S&A)  devices.  The  basic  sensing  concept  employed  here  is  the 
approach  used  in  the  Air  Force  SRAM  Missile  Safe-Arm-Fuze, 
which  was  previously  developed  and  manufactured  by  Unidynamics. 

The  SRAM  device,  known  as  an  FES  or  Flight  Environment 
Sensor,  detects  single  axis  acceleration  and  performs  a  double 
integration  to  provide  distance  measurement.  The  FES  is 
designed  to  integrate  acceleration  up  to  6g  with  a  distance 
accuracy  of  approximately  2  percent. 

Present  conventional  S&A's  employ  acceleration  driven 
mechanical  designs  to  provide  pseudo- integrations  or  timing 
functions.  Their  purpose  is  to  arm  the  S&A  on  the  basis  of 
distance  or  time.  An  example  of  a  widely  used  mechanism 
consists  of  an  escapement  drivep  by  a  g  weight  which  responds 
to  missile  acceleration.  This  device  yields  distance  infor¬ 
mation  on  the  basis  of  the  square  root  of  the  applied  accelera¬ 
tion;  therefore,  the  arming  range  is  a  pseudo  value  rather 
than  actual  range.  Assuming  this  range  information  to  be 
acceptable  for  certain  missile  launch  parameters,  accuracy 
is  still  a  significant  problem.  For  example,  the  performance 
of  the  g  weight  and  the  escapement  gears  is  modified  by  varying 
levels  of  friction  characteristics  of  the  design.  This 
friction  can  be  minimized  at  increased  cost;  however,  environ¬ 
mental  forces  introduced  by  conditions  such  as  missile 
maneuvering  increase  the  friction  and  destroy  accuracy. 
Additionally,  the  typical  escapement  mechanism  cannot  respond 
to  zero  or  negative  g  acceleration.  Because  of  these  problems, 
arming  distances  can  vary  on  the  order  of  +30  percent.  This 
variation  is  unacceptable  in  missile  applications  where  the 
desired  minimum  engagement  range  approaches  the  minimum 
alio* ’able  launch  range  for  safe  separation  from  the  aircraft 
at  impact. 

While  the  existing  SRAM  FES  offers  far  greater  accuracy, 
its  operational  specification,  size  and  cost  are  not  compatible 
with  conventional  missile  S&A  applications.  The  basic  objective 
of  the  SSS  program  then  has  been  to  utilize  the  FES  technology 
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in  the  development  of  an  SSS f  y*  th^deSign ,  and  to 
capabilities  (-5g  to  +5°tq)  '  Accomplishment  of  these  objectives 
reduce  its  size  and  cost.  Ac comp  adaptation  of  the  SSS 

indicates  the  feasibility  or 
to  conventional  S&A  s. 

To  establish  the  feasibility,  a^rt^^as^ 

£K&- aTd^r?aof  one  breadboard  ^ing 

Instrument  Control _ Package  (ICP)^  ss£,  and  monitors/measures 

vehicle  which  provides  power  to  u  program  consisted  ot 

its  performance.  The  seco  pa  of  prlliminary  prototype 

fabrication,  testing  and  dad^ef£llowed  by  the  design, 

SSS's,  then  a  motor  evaluatio  if  five  final  prototype  bSS  s. 

fabrication,  testing  and  .  units,  built  to  demonstrate 

The  five  preliminary  Pr°b  ,JP  ame  basic  design  a^  the  bread- 
reproducibility,  were  of  th  nrototvpe  design  was  based  on  the 
board  model  of  Part  1.  P  h°cbPwas  conducted  to  determine 

results  of  the  moto*  e^^ade  in  the  design  approach  used  in 
if  improvements  could  be  made  m 

the  previous  models. 

The  chief  program 

SSS  to  provide  arming  di  being  used  was  adequately 

accuracy  than  convention; al  fuzes.  Durlng  centrifuge  testing, 
demonstrated  during  thi  ?  g  prototypes  were  tested  to  27  g 
the  breadboard  and  prelim  Y  P  t>  Each  of  these  systems 

and  produced  an  accuracy  of  -3  P  .  2 .59  inches  in  diameter 

waS  packaged  in  a  cylindrical  ^^ng  that  the  system  can 
by  2.62  inches  high,  tbere^  required  by  and  configuration  of 

readily  be  placed  in  the  sPac®  ^f^ion  for  the  first  two  proto- 
existing  fuzes.  .Pea*P°*oo  ®atts  *and°for°the  final  prototype 
^lebtrical  requirements  are  thus  compatible  with 
typical  weapon  systems  now  in  use. 

The  final  prototype  was  Jj^'to^epreseSt'a  sign!- 

within  the  range  ^  the  breadboard  and  preliminary  proto- 

ficant  improvement  over  the  effort  was  partially  . 

type  designs .  This  Potion  of  the  etro  ^  nearly  doubled 

successful  in  that  the  g  neqative  g  detection  was  increase  . 

the  positive  d*rect^n  addition?  the  final  prototype  will  det 
from  -5q  to  -50g.  In  addition,  .  rt  of  a  problem,  while 

either  positive  or  negative  g  “t^Jsitive  accelerati  on  before 
the  first  two  prototypes  must  Pse(J_  Performance  data  on 

temperatur^drif ^problem  hampered  the  investigations,  and  u 

.liiiw  was  not  demonstratea. 


Additional  details  are  provided  in  subsequent  sections 
A,  of  4-v.ig  report  is  designed  to  first  otter 

General  organization  of  th  P  including  functional 

an  understanding  of  the  Thi“is  followed  by  a 

information  is  then  ?£!  report  delude  a  general  failure  mode 
»fe8ctf  ariysis^yfica"!  and  ope?ational  details 
concerning  the  1CP. 


SECTION  II 

SYSTEM  OPEPATIONAL  CONCEPT 


section  outlines  the  SSS  baseline  functional  concept 
This  section  tradeoff  More  precise  details  of 

and  reviews  areas  of  Presented  in  subsequent 

the  various  functional  elem  ^  fro£t  and  side  views  provided 

secl°"J:  i  thi  SSc  consists  basically  of  a  DC  motor  whose 
in  Figure  1,  the  bb„  C-^U=-La  „nj.nr.  _re  both  free  to  move, 

principal  parts,  the  st ator  and  rotor;  usual 

rotor  aisplac^ent  When  electrical 

structure)  by  means  of  a  secon „0?aeqrees-of-freedom  such  that 
Setl-°ftb:ri?9lle"rical  pow“  wflf  rfsult  in  equal  but  oppo- 
E^Stor  ‘torques  ^^.“SSe  -d 

strtorTih  accelerate  in  opposite  directions  consistent  with 
their  respective  moments  of  inertia. 

To  sense  missile  acceleration  an^unbalanced^as^i^^ 

?oamUsrietaccireratiin1?n  the  directior .  shown  a  t orque  Ta, 

eleul«  to  ?Se  sta?or/nun  assembly  in  a  counterclockwise 

??Prried°ntoaSthf°ronto1rnbut9inetie  opposUeXrecSon.^e  lyjtem 
is^designed  such  that  motor  £°rqu^  Ton  «  ^^fore^thl  motSr 
the  maximum  null  ^^^-^“^“^adran! '  and  accelerites  it 

off  ^»-emc^ne^tri^iapSrf^ 
Se  So"  thus  redicing  T?  torero. 

null  continues  into  the  3  quadrant.  The  process 

S  Ttgean1eapCeCat^r^Sibnaufusirandththe°nu?l/stator  motion  is 
oscillatory. 

Net  null  displacement^is^ero:  ^therefore^the^verage^^ 

can°Ltconsideredqin  equilibrium  over  an  extended  period. 


Or : 


T 


m 
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ROTOR/ STATOR  BEARINGS 
(2  PLACES) 


MISSILE  STRUCTURE 
(4  PLACES) 


STATOR/FRAME  BEARINGS 
(2  PLACES) 


SIDE  VIEW 


UNBALANCED  MASS 


DIRECTION  OF 
MISSILE  ACCELERATION 


\\\\\\\ 

\  OFF  QUADRANT 


TRANSITION  LINE  — 


/ON  QUADRANT 

/////// 


O 


FRONT  VIEW 


Figure  1,  Functional  Concept 


a 


The  acceleration  torque,  Ta,  is  equal  to: 


Ta  =  MaR  Cos  Q 


(2) 


Where: 


M 

a 

R 

8 


null  mass 

missile  acceleration 
null  mass  radius  of  action 

null  displacement  relative  to  transition  line 


In  the  usual  case,  8  is  small;  therefore: 


Ta  =  MaR 


(3) 


The  same  motor  torque,  Tm.  applies  to  the  null/stator  is  also 
applied  to  the  rotor;  therefore: 


Tm  =  Jr«r 


(4) 


Where: 


Jr  =  rotor  moment  of  inertia 
ojr  s  rotor  angular  acceleration 

Substitution  of  Equations  (3)  and  (4)  into  Equation  (1)  yields: 

(5) 

JrO!r  =  MaR 


Rearranging  Equation  (5) : 
Ji 


a 

CKR 


JR 

MR 


(6) 


Equation  (6)  says  that  the  ratio  of  missile  acceleration, 
a,  to  rotor  acceleration,  aR,  is  equal  to  a  co^s  ^ 

Thus,  rotor  acceleration  is  always  proportional  to  missile 
acceleration  because  JR,  M  and  R  are  unchanging  physical  param 
eters  Similarly,  theRrotor  angular  velocity  and  displacement 
are'the  a^gs  of  missile  velocity  and 

tively .  The  term  Jr/MR  is  referred  to  as  the  K  factor,  r. 


Ka 


(7) 


R 


aa-lli  *TlWtl.  r 


mu 
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Taking  the  integral  of  Equation  (7)  yields: 
v  =  KWr 


(8) 


Where: 


v  =  missile  velocity 

, j  =  rotor  angular  velocity 
R 

Taking  the  integral  of  Equation  (8)  yields: 


X  =  K  e 


(9) 


Where: 


X  =  missile  displacement 
6  =  rotor  angular  displacement 

The  K  factor  has  units  of 

rf/o.  -Viol?-  there-^at 

iildT=o«ntin?  the  «tor 

S“9e  .-5S 

stator  provides  three  electrical  output  routed  to  a 

lution.  By  means  of  slip  rings,  P  train  a  fixed 

stepping  motor  which  in  turn  qear9train  then  actuates  a 

—  o*  switches^each  located  at  an  angular  position  repre¬ 
sentative  of  a  specific  missile  distance  displaced. 

A  second  technique  is  to  electronically  accumulate  the 

range  by  counting  the  rotor  revolutions .  This  is  the  teen 
nique  used  in  the  present  program. 

^e^rS^-^re^sc^tatJs ,J£ it.  ^eration  is  as 
R  Ml^^elL'transition  line 
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CONDUCTOR 


NULL  MASS 


SLIP  RING  BRUSH 


INSULATOR 
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BRUSH  BLOCK 


PLUS  VOLTAGE 
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Figure  2.  Bang-Bang  Null  Sensor 
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Photo  Null  Sensor 


>  -jp. - ■  -  — 
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I.: , 


shown  in  Figure  1,  the  null  switch  brush  is  in  contact  with  the 
insulator,  and  power  is  removed  from  the  motor.  When  the  nul 
is  in  the  on  quadrant  or  rotated  clockwise  beyond  the  transi- 
tion  line,  the  null  brush  is  in  contact  with  the  conductor,  and 
power  is  supplied  to  the  motor.  Because  the  brushes  are  mounted 
relative  to  the  missile  structure,  the  approach  introduces 
friction  into  the  null  assembly  to  influence  null  motion  and 
affect  accuracy.  To  eliminate  this  friction,  a  second  approach 
can  be  used. 

Figure  3  illustrates  a  null  sensing  technique  which  does 
not  introduce  friction  into  the  system.  It  consists  of  a  photo 
diode  and  a  photo  transistor  mounted  in  opposition  such  that 
light  emitted  by  the  photo  diode  is  received  by  the  photo  tran 
sistor  unless  interrupted  by  the  null  mass,  which  serves  as  a 
shutter.  The  photo  transistor  is  wired  into  a  motor  control 
circuit  such  that  when  light  is  cut  off  by  the  null,  the  mo.or 
is  on;  otherwise,  it  is  off.  To  improve  system  accuracy,  this 
approach  was  used  in  all  SSS  designs  described  herein.  It  also 
provides  the  opeion  of  using  a  tracking  null  approach  where 
T  =  Tm  at  all  times.  With  the  brush  design,  only  the  bang- 
bang  or  oscillating  null  approach  can  be  used.  Though  the 
photo  approach  is  used  in  all  designs  of  this  program, .  e 
oscillating  mode  was  used  in  the  breadboard  and  preliminary 
prototype  systems,  and  the  tracking  mode  was  used  in  the  final 
prototype.  The  rationale  for  this  will  be  explained  in  detail 
in  later  sections  of  this  report. 

To  provide  further  information  and  define  terms  which 
will  be  used  throughout  the  report,  a  more  detailed  descrip¬ 
tion  of  the  oscillating  null  is  presented.  Figure  4  shows  a 
plot  of  null  displacement  as  a  function  of  time. 


NULL  DISPLACEMENT 


TIME 


Figure  4  -  Null  Displacement  Versus  Time 


One  null  cycle  is  defined  as  the  sum  of  the  times  t^ 
through  The  duty  cycle  is  defined  as  the  on-time  (t^  +  t4) 

divided  by  the  full-cycle  time  (t^  +  +  fc3  +  t4) .  During 

each  on-time  interval,  full  motor  torque,  Tm,  is  applied;  there¬ 
fore,  the  average  motor  torque  applied  for  a  given  time  is  equal 
to  Tm  times  the  duty  cycle,  D.  Because  the  average  motor  torque 
is  equal  to  the  acceleration  torque,  Ta,  the  following  equation 
results : 


Ta 


=  TmD 


(10) 


The  torque,  Tm,  which  a  motor  can  provide  is  a  fixed  value; 
therefore,  the  duty  cycle  will  vary  with  Ta.  Stated  differ¬ 
ently  for  a  large  missile  acceleration,  Ta  will  be  large  and 
will  result  in  a  larger  duty  cycle.  This  means  that  in  response 
to  larger  missile  acceleration,  the  average  motor  on-time  in¬ 
creases,  thus  producing  a  greater  rotor  angular  acceleration. 

The  maximum  rate  of  acceleration  occurs  when  the  duty  cycle  is 
100  percent. 

Because  the  null  is  oscillating,  the  rotor  motion  will 
also  be  oscillatory.  For  example,  when  the  null  is  on,  the 
rotor  will  accelerate  in  response  to  the  applied  Tm.  However, 
when  the  null  is  off,  the  rotor. will  decelerate  in  response  to 
internal  motor  friction  between  the  stator  and  rotor.  If  the 
rotor  and  stator  are  fully  coupled,  that  is,  the  friction  seen 
by  the  rotor  is  also  seen  by  the  stator  in  the  opposite  direc¬ 
tion,  then  the  net  effect  of  such  friction  will  automatically 
be  compensated  and  no  error  will  result.  To  explain  this 
feature,  internal  drag  or  frictional  torques  tend  to  slow  the 
rotor.  This  frictional  torque,  T0,  is  in  opposition  to  the 
motor  torque,  Tm.  The  same  is  true  for  the  stator  assembly; 
therefore,  TB  is  in  the  same  direction  as  Ta  with  respect  to 
null  operation.  Positive  Ta  causes  a  particular  duty  cycle, 
as  previously  explained,  and  TB  has  the  same  effect.  Stated 
differently,  the  presence  of  TB  results  in  a  greater  duty 
cycle  and  thus  a  larger  average  applied  motor  torque.  The 
increase  in  average  motor  torque  is  equal  to  TB,  and  the  rotor 
will  therefore  accelerate  in  response  to  Ta.  The  effect  of  TB 
is  illustrated  in  Figure  5. 
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Figure  5  plots  rotor  angular  velocity  versus  time  for  a 
gvstem  under  the  influence  of  a  constant  missile  acceleration. 
As  shown  the  velocity  oscillates  about  the  desired  curve,  but 
the  a^ige  increase  is  equal  to  the  desired  rate.  The  decei- 
eration  portions  are  due  to  the  internal  friction,  Tfi. 


in  addition  to  Coulomb  friction  torque,  T£,  which  is  due 
to  the  interna?  hearings  and  brushes,  an  air  drag  component 
pv-iqts  This  drag  is  of  the  viscous  variety,  and  the 
result in^torque1  is  related  to  the  relative  velocity  between 
therotor  and  stator.  The  effect  of  the  air  drag  torque  rs 
the  same  as  TB. 


Coulomb  and  viscous  torques  provide  both  an  advantage  and 
a  disadvantage  Without  these  loss  torques,  a  single  power 
suppl?  polarity  system  would  only  respond  to  a  maximum  positive 
?  ^/positive  missile  acceleration.  For  example,  assume  a 
system  could  be  designed  without,  friction  to  integrate  an 

tberae^arienftr5r?fneow1nrrro°duc?d!0?he  ^a?f  fl^ion 

Therefore  this  particular  system  will  retain  the  full  Integra 
tion  range  of  30g,  but  with  the  curve  shifted  in  response  to 
loss  torques  as  shown  in  Figure  6, 


POSITIVE  g 


.LIMITS  WITHOUT 
LOSS  TORQUES 


LIMITS  WITH 
LOSS  TORQUES 


NEGATIVE  g 


Figure  6  -  SSS  g  Limits 
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The  system  described  in  Figure  6  uses  a  single  polarity 
electrical  source,  and  motor  torque,  Tm,  is  applied  in  one 
direction  only.  If  the  electrical  circuit  is  designed  such 
that  motor  current  is  reversed  rather  than  set  to  zero  when 
the  null  is  in  the  position  defined  previously  as  the  off 
quadrant,  then  the  system  can  integrate  equal  magnitudes  of 
positive  and  negative  acceleration  from  a  standing  start.  If 
positive  g  is  applied  first  followed  by  negative  g,  a  larger 
negative  g  can  be  sensed  than  positive  due  to  the  internal  loss 
torques  which  will  always  exist  to  some  extent.  The  reverse 
situation,  application  of  negative  then  positive  acceleration, 
is  also  true  provided  the  rotor  velocity  is  never  reversed 
from  the  initial  direction. 

Two  of  the  SSS  designs  which  were  investigated  during 
this  effort  feature  a  motor  commutation  design  accomplished 
by  means  of  light  in  a  manner  similar  to  the  photo  diode/tran- 
sistor  pair  used  for  the  null.  This  approach  eliminates 
brushes  and  reduces  the  internal  Coulomb  frictional  torque, 

TB.  In  the  same  models,  stator  and  rotor  surfaces  are  smooth 
and  uninterrupted.  This  reduces  viscous  torques  thereby  in¬ 
creasing  the  peak  positive  acceleration  which  can  be  detected. 
The  final  prototype  SSS  motor  commutation  was  accomplished  by 
brushes,  and  coil  windings  were  exposed,  resulting  in  viscous 
drag.  The  details  of  these  designs  are  expanded  in  subsequent 
sections . 

Design  limitations  of  the  system  are  primarily  due  to  a 
Coulomb  frictional  torque  between  the  stator/null  and  missile 
structure.  In  the  conventional  approach,  this  friction  is 
due  to  the  bearings,  motor  access  power  brushes  and  the  null 
switch.  Stated  simply,  such  frictional  torque,  T  , .  must  be 
less  than  the  minimum  Ta,  and  Tm  must  be  greater  than  the 
maximum  Ta  plus  TB  and  the  peak  viscous  torque.  Therefore, 
the  motor  torque  which  must  be  developed  is  determined  by  the 
maximum  expected  Tc .  Without  Tc,  there  is  no  limit  on  the 
range  of  g  which  can  be  detected  except  within  the  constraints 
of  system  dynamic  balance.  For  example,  Ta  can  be  set  as 
small  as  desired  if  there  are  no  other  unbalanced  stator  con¬ 
ditions,  i.e.,  the  stator  is  dynamically  balanced.  For  a 
given  motor,  reducing  the  lg  Ta  increases  the  g  range  which 
can  be  sensed. 

The  first  two  SSS  models  were  mounted  to  the  structure 
via  ball  bearings,  and  null  sensing  was  accomplished  by  photo 
means.  Motor  electrical  access  was  provided  by  small  wires 
connected  directly  from  the  motor  to  the  control  circuit.  The 
null  frictional  content  was  therefore  due  primarily  to  the 
bearings.  The  final  prototype  was  mounted  to  the  structure 
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via  torsional  springs,  thereby  eliminating  all  Tc  frictional 
content.  Electrical  access  was  provided  through  the  springs, 
and  null  photo  sensing  was  used  in  this  model  to  secure  the 
zero  Tc  feature.  With  no  Tc,  a  very  small,  low-power  motor 
can  be  used  to  sense  in  excess  of  50g,  both  positive  and 
negative;  however,  introduction  of  the  springs  produced  other 
problems.  Further  details  are  provided  on  all  designs  in  s 
sequent  sections , 


SECTION  III 


ANALYSIS  OF  PROGRAM  REQUIREMENTS  -  PART  I 


The  first  portion  of  this  program  consisted  of  design, 
fabrication  and  testing  of  a  breadboard  prototype  of  the  SSS. 

To  test  and  demonstrate  the  device,  it  was  necessary  to  design 
and  construct  an  Instrument  Control  Package  (ICP) .  The  SSS  and 
ICP  were  to  be  compatible  to  the  extent  that  various  arming 
ranges  could  be  selected  and  the  run  time  to  the  selected  ranges 
measured.  The  ICP  also  provided  the  necessary  power  for  SSS 
operation.  The  breadboard  SSS  configuration  was  to  be  a  right 
circular  cylinder  2.655  inches  in  diameter  and  2.2  inches  in 
length.  Specified  accuracy  goal  was  10.5  percent  at  a  range 
of  1300  feet,  and  the  device  was  to  be  capable  of  integrating 
an  acceleration  profile  of  -5g  to  +50g.  A  launch  loci:  solenoid 
was  to  be  incorporated  for  uncaging  the  SSS  motor.  Testing  was 
to  consist  of  unspecified  levels  of  temperature  (high  and  low) 
and  vibration. 

At  the  start  of  the  program.  Unidynamics '  design  experience 
in  this  area  was  limited  to  the  SRAM  FES  DT&E  program.  This 
device  integrated  acceleration  profiles  of  up  to  6g  and  provided 
an  arming  range  in  excess  of  13,000  feet.  The  package  size  was 
about  three  times  that  specified  for  the  breadboard  prototype. 
This  much  smaller  size  coupled  with  the  significantly  larger 
acceleration  profiles  provided  the  primary  design  challenge. 

The  breadboard  and  preliminary  prototype  SSS ' s  delivered 
to  the  sponsor  were  2.59  inches  in  diameter  by  2.620  inches 
high,  or  about  0.4  inch  larger  than  the  specified  height.  This 
was  necessary  to  accommodate  the  electronic  circuits.  These 
prototypes  were  tested  to  27g,  which  is  less  than  the  goal  of 
50g;  however,  the  device  will  accelerate  at  the  50g  rate  for  a 
limited  period.  System  accuracy  achieved  was  about  3  percent, 
less  than  the  goal  of  0.5  percent. 
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Tc  at  lg  was  0.008  ounce- inch.  The  minimum  value  o  a 


set  at  three  times  Tc,  or  0.024  ounce- inch.  At  50g,  Ta  will  be 
(50)  (0.024)  =  1.2  ounce-inches. 

Internal  motor  loss  torques  appear  at  the  null  in  the  same 
direction  as  Ta,  or  in  opposition  to  the  motor  torque.  Coulomb 
frictional  torque  caused  by  the  motor  bearings  will  be  approxi¬ 
mately  the  same  value  as  the  null  bearings  and  will  vary  with 
loading  as  previously  explained  for  Tc .  If  brushes  are  used 
for  commutation,  the  resulting  friction  is  dependent  on  side¬ 
loading  or  maneuvering  acceleration  only,  since  these  brushes 
can  be  oriented  as  desired.  Because  photo  commutation  is  used 
in  the  breadboard  and  preliminary  prototypes,  only  the  bearing 
friction  is  applicable  to  the  Coulomb  component.  At  lg  then, 

TB  will  be  about  0.008  ounce-inch,  or  at  50g,  0.4  ounce-inch. 

An  additional  loss  parameter  which  must  be  considered  is 
windage  or  viscous  torque.  This  loss  torque  is  equal  to  the 
product  of an  air  drag  coefficient  (A)  and  the  motor  angular 
velocity  ( Q ) .  This  coefficient  was  found  to  be  approximately 
0.0008  ounce- inch/radian/second  in  the  SRAM  FES.  However,  the 
motor  design  used  here  features  smoother  internal  surfaces  and 
a  coefficient  of  0.00)4  ounce-inch/radian/second  was  assumed  for 
design  purposes.  To  determine  the  motor  torque  necessary  to 
offset  the  effects  of  air  drag,  the  motor  velocity  must  be 
known.  This  velocity  is  the  analog  of  missile  velocity;  there¬ 
fore,  all  missile  acceleration  profiles  must  be  evaluated  to 
determine  the  worst  case  g-time  product. 

In  this  instance,  the  sponsor  stated  that  an  acceleration 
level  of  25g  for  a  period  of  0.4  second  followed  by  a  negative  g 
is  representative  of  a  typical  worst  case  condition.  For  this 
profile,  the  worst  case  missile  velocity  will  occur  at  the 
0.4  second  point,  since  the  motor  torque  demand  is  the  greatest 
at  that  time.  In  other  profiles,  further  accumulation  of  velo¬ 
city  is  acceptable  if  such  an  increase  is  due  to  a  lower  accel¬ 
eration.  The  objective  here  is  to  ensure  that  sufficient  motor 
torque  is  available  to  overcome  loss  torque  and  still  provide 
the  acceleration  torque  being  demanded.  Because  the  viscous 
loss  torque  is  velocity  dependent,  correct  integration  can  con¬ 
tinue  and  additional  velocity  can  be  accumulated  if  less  torque 
is  needed  for  acceleration.  In  the  0.4  second,  25g  profile, 
the  maximum  missile  velocity  is  calculated  to  be  322  feet/second. 
To  increase  the  sensing  capability  of  the  device  to  integrate 
50g  for  0.4  second,  the  motor  peak  velocity  can  be  maintained  by 
doubling  the  rotor  moment  of  inertia. 

At  322  feet/second,  the  motor  velocity  will  be  161  revolu¬ 
tions/second  if  a  K  factor  of  2  feet/revolution  is  selected. 

This  angular  velocity  is  1011.59  radians/second,  or 
9660  RPM.  The  value  for  air  drag  torque  is  then  A 0,  or 
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10.0004)  (1011.59)  =  0.4  ounce-inch.  For  the  50g  then,  the  total 
motor  torque  required  to  secure  null  action  is  summarized  below: 


T  (§>  50g: 
a. 

(0.024)  (50) 

=  1.2 

Tc  @  50g: 

(0.008)  (50) 

=  0.4 

Tr,  @  50g : 

(0.008)  (50) 

=  0.4 

A0  @  1011  rads/sec: 

(0.0004)  (1011) 

!1 

O 

• 

> 

TOTAL  2.4  ounce- inches 

By  way  of  comparison,  at  25g  the  total  is  1.4  ounce— inches . 
It  should  be  noted  that  the  motor  must  be  capable  of  delivering 
these  levels  of  torque  for  the  duration  of  the  applied  g. 

To  summarize  this  portion  of  the  analysis,  the  reader  is 
reminded  of  the  effect  of  Tc,  the  null  frictional  content.  If 
there  is  no  T  ,  any  Ta  may  be  selected  and  any  motor  can  provide 
the  correct  integration  properties.  That  is,  the  g  profile 
which  can  be  detected  is  limited  only  by  the  ability  of  the  rotor 
to  accelerate  under  the  applicable  loading  conditions  primarily 
due  to  Tg,  the  internal  motor  friction.  The  remaining  motor 
parameters  can  now  be  investigated.  Shown  below  are  simplified 
relationships  for  the  typical  DC  motor: 

V  =  IR  +  Kb0 

Tm  *  V 

KB  =  Kt/141.6 
Where: 

V  =  available  source  voltage 

I  =  motor  current 

r  =  motor  resistance 

K  =  motor  back  emf  constant 
B 

0  =  motor  velocity 

T  =  motor  torque 
m 

K  =  motor  torque  sensitivity  constant 


(11) 

(12) 

(13) 


Examination  of  Equation  (11)  shows  that  the  motor  current 
will  decrease  (at  constant  applied  voltage)  as  motor  velocity 
increases.  Therefore,  the  available  motor  torque  also  decreases. 
To  ensure  sufficient  motor  torque  to  accomplish  integration, 
the  value  for  Kt  must  be  carefully  selected.  For  example,  if  a 
large  KT  is  selected,  then  as  seen  in  Equation  (13),  the  back 
emf  constant  is  also  large  and  the  motor  current  will  drop  off 
quickly  with  an  increase  in  velocity.  Required  torque  sensiti¬ 
vity  can  be  determined  by  substituting  Equations  (12)  and  (13) 
into  Equation  (11)  as  follows: 

eKT2  -  141.6  VKt  +  141.6  T^R  =  0  (14) 

There  are  two  unknowns  in  this  relationship,  motor  torque 
sensitivity  (Km)  and  motor  resistance  (R) .  These  two  para¬ 
meters  are  related,  and  both  are  related  to  motor  size.  For 
example,  KT  is  equal  to  NAB  where: 

N  =  number  of  armature  turns 

A  =  pole  face  area 

B  =  magnet  field  density 

And,  the  resistance  is  related  to  N  and  A.  Both  N  and  A 
are  related  to  motor  size.  For  a  given  motor  size,  the  space 
allotment  for  windings  is  fixed.  If  the  number  of  windings  is 
increased  to  increase  KT,  the  wire  size  will  be  reduced  and  the 
resistance  will  increase  accordingly.  From  another  viewpoint, 
power  can  be  minimized  by  maximizing  resistance.  Maximum 
resistance  is  determined  by  use  of  the  quadratic  equation  for 
determination  of  roots.  At  25g,  which  requires  a  torque  of  1.4 
ounce-inches,  and  with  an  applied  voltage  of  28  VDC,  Equation 
(14)  becomes: 

1011  Kt2  -  3965  KT  +  198  R  =  0  (15) 

Using  the  quadratic  equation  for  determination  of  roots  yields: 


Then  to  determine  the  maximum  value  of  R,  the  radical  term  is 
set  to  zero,  or: 

r  =  39652/ [ (4)  (1011)  (198)]  =  19.63  ohms  (17) 


13965  -  (4)  (10111 

(2)  (1011) 
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For  50g: 


R  =  39652/[(4)  (1011)  (340)]  =  11.43  ohms  (18) 

In  both  instances ,  Kp  is  equal  to: 


=  3965/(2)  (1011)  =  1.96  ounce- inches/ampere  (19) 

Here  it  is  shown  that  for  minimum  power  the  motor  size  will 
increase  with  an  increase  in  g  level.  This  is  because  the  same 
number  of  turns  gives  the  same  Kip;  however,  to  obtain  the  lower 
resistance  for  the  higher  g  level  case,  larger  wire  is  needed 
and  more  space  is  necessary.  This  additional  space  increases 
the  size  of  the  motor.  It  can  also  be  seen  from  the  analysis 
that  the  maximum  velocity  affects  both  power  consumption  an  3 
the  selection  of  Km.  If  the  rotor  moment  of  inertia  is 
doubled,  the  velocity  will  be  halved  and  KT  can  be  doubled. 

The  current  will  also  be  halved,  and  at  a  given  applied  voltage 
the  power  too  is  halved.  It  is  interesting  to  note  that  power 
consumption  can  be  reduced  by  increasing  the  size  of  the  motor 
in  an  attempt  to  increase  Km  (thus  reducing  current  necessary  to 
produce  the  required  Tn,)  and  reduce  the  resistance.  This  can  be 
more  clearly  seen  if  Equation  (14)  is  solved  for  its  roots  as 
follows: 


3965  ±  [39652.-  (4)  (1011)  T^  R] 1/2 
2(1011) 


Here  for  a  given  Tm  and  a  reduced  R,  a  larger  K<p  is 
permitted.  The  applicable  radical  sign  is  always  positive. 

This  is  because  the  IR  voltage  drop  is  reduced  and  the  voltage 
gained  permits  a  larger  back  emf  at  the  applicable  velocity 
without  affecting  the  needed  torque.  With  the  higher  Km,  the 
current  needed  drops,  and  thus  the  power  consumed  is  reduced. 

In  this  design,  the  space  limitations  require  the  use  of  a 
small  motor.  Thus,  a  two-winding  motor  was  selected  with  each 
winding  having  a  resistance  of  8  ohms  and  a  Kp  of  1  ounce- 
inch/ampere.  Total  resistance  is  then  4  ohms,  and  total  Km 
is  1.414  ounce-inches/ampere.  With  this  motor  and  a  22-volt 
source,  the  total  torque  available  is  4.2  ounce-inches  at  a 
velocity  of  1011  radians/second.  Only  2.4  ounce-inches  were 
required;  therefore,  the  current  needed  was  2.4/1.414  =  1.7 
amperes  and  the  power  consumption  is  37.3  watts.  For  a  25g 
case,  the  torque  required  is  1.4  ounce-inches  and  the  necessary 
current  is  then  about  1  ampere.  Power  consumption  is  22  watts. 


Exclusive  of  commutation,  the  motor  size  is  1  inch  in  diameter 
by  0.35  inch  thick. 


To  reduce  the  torque  requirements  of  the  breadboard  and 
preliminary  prototype  design,  it  was  necessary  to  reduce  the 
loss  torques.  This  was  accomplished  by  use  of  the  photo  null 
detector  to  reduce  Tc  and  photo  commutation  to  reduce  TB.  The 
effects  of  windage  A  were  reduced  by  using  a  cylindrical 
shaped  rotating  magnet  and  a  molded  armature,  thus  providing 
smooth  internal  surfaces.  In  the  final  prototype  design, 
torsional  springs  were  used  to  mount  the  null,  thus  eliminating 
Tc  and  permitting  the  use  of  a  small  Ta  at  lg.  Further 
details  on  the  final  prototype  are  provided  in  a  subsequent 
section. 

Equations  of  Motion.  The  equations  that  follow  are  the 
more  comprehensive  relationships  which  govern  system  performance 
There  are  two  moving  assemblies,  the  null/stator  and  the  rotor. 
Figure  7  depicts  the  system  and  the  free  body  diagrams  of  the 
two  moving  assemblies. 

The  summation  of  torques  for  both  diagrams  provide  the 
equations  of  motion  as  follows: 


Stator/Null: 


Tm  -  Ta  -  TB  "  A6+  JA  i  Tc  =  0 


Rotor: 


Where : 


Tra  +  A0  +  TB  +  JReR  =  o 


(21) 

(22) 


T  =  motor  torque 
m 

T  =  acceleration  torque 

a 

T  =  internal  motor  Coulomb  friction  tcrque 

B 

A  =  windage  coefficient  of  friction 

•  •  • 

»  ■ 

=  null  velocity 

Q  =  rotor  velocity 

R 
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STATOR  AND  ROTOR  POSITIONS 


Figure  7.  Motion  Diagrams 


null  acceleration 


rotor  acceleration 


T  =  null  Coulomb  friction  torque 
c 

The  term  Tc  is  dependent  on  the  null  velocity  because  of  the 
oscillating  motion;  therefore.  Equation  (21)  is  modified  as 
follows: 


T  -  T  -  T_  -  A  0  + 


m 


B 


■Vn 


+  T 


«NI  /» 


N 


=  0 


( 2: 


To  find  Tm,  it  is  necessary  to  use  the  motor  equations.  These 
are  developed  as  follows. 


There  are  two  windings  in  the  motor  wound  in  quadrature 
(offset  90  degrees) .  Winding  number  one  will  deliver  a  torque 
as  follows: 

Tml  =  kT1x1  Cos  6  (2 


Winding  two  torque  is  given  by: 
Tm2  *  KT1I2  Sin6 


Where: 


e 

■  eR'eN 

The 

total 

torque,  Tm,  is 

then : 

T 

Am 

=  Tml  +  Tm2 

KT1X1  1 

Cos  9  |  +  Kij,^ 

The 

currents  I]_  and  1 2  are  found 

as  follows: 

V 

=  I1R1  +  Kb1 k 

|  Cos  9  | 

+  h1i1 

V 

“  I2R2  +  kB2  ® 

jsin  9  | 

+  l2i2 

Absolute  values  are  the  result  of  commutation,  and  L  is 
the  inductance  of  each  winding.  Because  the  windings  are 
identical,  R,  L,  Km  and  Kg  are  the  same  value  for  each  of  the 
relationships.  It  should  be  noted  that  simulation  of  this 


system  on  a  computer  requires  that  the  commutation  effects  be 
included.  For  example,  the  current  direction  in  each  winding 
is  reversed  each  180  degrees  of  relative  rotor/stator  motion. 
Figure  8  illustrates  the  commutation  procedure. 

This  concludes  the  analysis  of  the  breadboard  and  pre¬ 
liminary  prototype  design  approaches.  The  next  section  includes 
a  description  of  these  systems.  Subsequent  sections  present  the 
final  prototype  details. 


CURRENT 


WINDING 

ONE 


WINDING 

TWO 


Figure  3.  Commutation  Procedure 


SECTION  V 


BREADBOARD  PROTOTYPE  DESIGNS 


The  basic  SSS  concept  was  presented  in  a  previous  section 
of  this  report.  This  section  shows  how  the  concept  was  imple¬ 
mented  for  construction  of  the  breadboard  and  preliminary  pro¬ 
totype  designs.  The  presentation  is  structured  as  an  assembly 
process,  thereby  revealing  each  design  feature  and  functional 
detail.  As  the  design  unfolds,  the  motivation  for  the  selec¬ 
tion  of  a  particular  configuration  will  be  explained.  Evolu¬ 
tionary  changes  which  were  made  during  the  investigation  pro¬ 
cess  are  also  discussed. 

Motor  selection.  As  indicated  in  the  theoretical  analysis 
section,  motor  size  is  dependent  on  a  number  of  factors.  The 
space  envelope  limitation  coupled  with  the  g  detection  range 
and  loss  torques  dictate  motor  selection.  At  the  start  of  the 
program,  the  general  magnitude  of  loss  torques  was  not  known. 

To  ensure  the  availability  of  sufficient  motor  torque  to  pro¬ 
vide  a  broad  g  range  capability,  a  motor  configuration  was 
selected  which  permitted  optimization  of  the  loss  torques. 

The  standard  torquer  motors  have  this  property  in  that  rotor 
magnets  may  be  made  cylindrical  and  stators  may  be  molded  to 
provide  smooth  surfaces >  thereby  reducing  air  drag.  In  addi¬ 
tion,  this  type  motor  uses  an  Alnico  V  magnet,  which  has  a  very 
large  B  field  or  flux  density.  The  flux  density  which  can  be 
achieved  across  the  air  gap  between  the  rotor  and  stator 
relates  to  the  motor  torque  which  can  be  developed. 

Despite  the  above  advantages,  torquer  motors  are  limited 
displacement  devices  which  are  not  commutated  and  have  only 
one  winding.  A  one  winding  motor  can  be  commutated  to  achieve 
the  normal  motor  RPM  characteristics,  but  in  various  starting 
positions  (rotor  relative  to  stator)  the  motor  may  not  run  when 
power  is  applied.  If  it  does  run,  it  may  run  in  either  direc¬ 
tion.  Thus  it  is  necessary  to  have  at  least  two  windings.  On 
this  basis,  Aeroflex  Inc.,  a  torquer  motor  manufacturer,  was 
asked  to  modify  an  existing  motor  to  include  two  coils  wound 
in  quadrature.  Unidynamics  then  chose  to  commutate  the  motor 
by  photo  means,  thereby  eliminating  brush  friction  to  increase 
the  g  range  capability.  With  the  motor  designed  in  this  way, 
the  Coulomb  friction  (between  stator  and  rotor)  was  limited  to 
that  in  the  motor  ball  bearings,  and  the  air  drag  was  minimized. 

The  next  task  involved  selection  of  a  commutation  tech¬ 
nique.  The  most  obvious  approach,  which  was  attempted. 
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involved  use  of  a  disk  attached  to  the  rotor.  This  disk  con¬ 
tained  cutouts  which  shuttered  two  sets  of  photo  diode/photo 
transistor  pairs  at  the  appropriate  angular  displacement .  The 
system  was  constructed  and  bench  tested  but  did  not  integrate 
correctly.  This  technique  also  exhibited  an  unacceptable  in¬ 
crease  in  air  drag.  The  metal  cutout  disk  was  then  replaced 
with  a  transparent  plastic  disk  painted  to  shutter  the  light. 
This  significantly  reduced  drag  and  improved  the  integration 
results  slightly.  It  was  discovered  that  the  integration  prob¬ 
lem  was  due  to  insufficient  air  drag  coupling  between  the  rotor 
and  stator.  Attempts  to  accomplish  full  coupling  with  this 
design  configuration  failed,  and  other  techniques  were  investi¬ 
gated.  The  approach  finally  selected  is  discussed  in  the  fol¬ 
lowing  paragraph. 

Figure  9  shows  a  sketch  of  the  motor  rotor.  The  rotor  is 
a  cylindrical  Alnico  V  permanent  magnet  0.614  inch  in  diameter 
by  0.240  inch  thick.  The  0.125  inch  diameter  shaft  is  installed 
through  the  magnet  axis  as  shown,  and  the  end  of  the  rotor 
shaft  is  machined  in  the  shape  of  a  wedge.  This  wedge  serves 
as  a  shutter  between  two  photo  diode/photo  transistor  pairs  to 
perform  motor  commutation.  Figure  10  shows  how  commutation  is 
accomplished . 

As  the  rotor  and  wedge  rotate,  as  shown  by  the  arrow,  each 
photo  transistor  receives  light  from  its  opposing  photo  diode 
(LED)  during  180  degrees  of  rotation.  During  the  remaining  180 
degrees,  the  wedge  shutters  the  light.  Because  the  photo  pairs 
are  mounted  90  degrees  apart,  the  resulting  signals  are  also 
offset  by  90  degrees.  Figure  11  is  a  plot  of  each  photo  tran¬ 
sistor  output  voltage  as  a  function  of  angular  displacement. 


Figure  9.  Motor  Rotor  (Alnico  V  Magnet) 
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PHOTO  TRANSISTOR 
Figure  10.  Commutation  Shutter 
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Figure  11.  Commutation  Signals 
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These  signals  are  used  along  with  a  circuit  network  to  control 
the  direction  of  current  through  two  stator  coils,  thus  p 
forming  the  motor  commutation. 

The  stator  is  shown  in  Figure  12.  Its  two  coils  are  wound 
in  quadrature  about  a  laminated  core  having  a  toroidal  ahap  . 

The  stator  is  then  molded  into  the  shape  shown.  It  is  0.960 
inch  in  diameter  and  0.350  inch  thick,  The  rotor  is  mounted 
relative  to  the  stator  by  means  of  two  bearings-  a  motor  collar 
and  two  end.  plates  as  shown  in  the  lower  portion  of  Figure  1  • 
The  breadboard  prototype  uses  ball  bearings  and  the  preliminary 
prototype  uses  sleeve  type  Oilon  80  bearings.  As  shown  all 
internal  surfaces  are  smooth  to  reduce  air  drag,  and  light 
commutation  is  used  to  reduce  Coulomb  friction,  thus  improving 
the  g  range  detection. 

End  plates  are  held  to  the  motor  collar  by  screws.  Stator 
wires  extend  out  of  the  right  side  and  are  routed  through  holes 
in  the  right  plate  provided  for  this  purpose.  By  routing  the 
wires  in  this  manner,  they  are  placed  near  the  center Une 
the  assembly  and  can  be  hard-wired  to  the  commutation  drive 
circuit  without  introducing  drag,  except  to  the  extent  of 
negligible  torsional  spring  effect. 

The  motor  subassembly  just  described  is 
motor  mount  as  shown  in  Figure  13.  As  shown,  the  ""to  tQP 

For  additional  frame  support,  a  heat  sink  18 moun^the 
mount  in  the  position  shown.  This  partis  used  Jo  mount  th® 
commutation  transistors  and  provide  a  path  for  heat  tlow 

The  commutation  wedge  extends  out  the  left  side  A  photo 
diode/photo  transistor  support  is  shown  in  Figuie 
mounted  to  the  motor  mount  and  oriented  to  correctly  ^notion 
with  the  wedge.  This  support  also  captures  the  left 

bearing . 


Three  printed  circuit 

spacer s3as  X£n\»  Fi9ure  14^  ^=° *lT 

part  is  mounted  in  the  same  manner  ^ 

supports  the  electrica  soldered.  The  boards  are 

S^o^t rfn  S^erficafdlrj  tion  to  permit  direot 
electrical  interconnection  between  them. 

Null  detection  is  performed  b^photo  f  ^e/photo^ra^- 
sistor  pair  as  illustrated  in  Fgur  the  motor  to  the  null 

on  the  motor  collar  extends  sketch.  Its  function  is  to 

sensing  ass  nf’iiohf^he  nSlfmounf  is 'attached"  to  the  motor 

interrupt  the  light.  The  n  .  provided  in  th«  null 

mount  assembly  by  two  screws.  Holes  are  provi 

mount  for  this  purpose. 

The  entire  assembly  is  next  ; i^i^secured  by^s crews  which 
sertion  in  the  can,  the  subas  y  thread  into  the  motor 

extend  through  the  bottom  of  the  ^f^Hount  the 

mount.  The  flange  ^ntains  four  holes  whic! a  14.d. 

assembled  SSS .  The  assembled  unit  is  shown  in  j 


WEDGE 


Figure  13.  Motor  Mounting 
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SECTION  VI 

BREADBOARD  CIRCUIT  FUNCTIONAL  DESCRIPTION 

The  breadboard  circuit  schematic  is  presented  in  Figure  15 
For  purposes  of  explanation,  this  circuit  is  divided  into  five 

parts  as  follows: 

•  counters 

•  C lock 

•  Null 

•  commutation 

•  Motor 


Each  is  explained  in  detail  below. 


Counters.  The  SSS  contains  a  total  of  four  decade 
counters.  Thise  CMOS  counters  (P/N  CD4029AE)  are  Presettable 
up/down  types  and  provide  a  total  range  capability  of  10,000 
feet.  The  presettable  feature  is  provided  by  3am  inputs  at 
pins  4,  12,  13  and  3,  which  correspond  to  the  logic  numbers  1, 

2  4  and  8,  respectively.  Each  counter  operates  as  follows: 

When  pin  1,  the  preset  enable,  is  a  logic  high,  the  count 
placed  on  the  jam  inputs  is  entered.  The  preset  enable  high 
is  present  only  when  the  ICP  set-reset  button  is  depressed. 

Pin  10  of  each  counter  is  the  up/down  selection  and  counts 
down  when  a  logic  low  is  used.  Since  each  pin  10  is  routed  to 
ground,  the  counters  will  count  down  from  the  count  placed  on 

the  jam  inputs. 


Count  accumulation  is  inhibited  by  a  high  on  pin  5,  re¬ 
ferred  to  as  the  carry-in.  The  carry-out  at  pin  7  is  high  at 
all  times  until  all  outputs  of  a  counter  are  a  logic  zero. 
Therefore,  if  the  carry-out  of  a  counter  is  connected  to  the 
carry-in  pin  of  the  next  digit  counter,  the  higher  digit 
counter  cannot  advance  until  a  total  count  of  ten  has  been ^ 
accumulated  by  the  lower  counter.  Pin  15  of  each  counter  is 
the  clock  input;  therefore,  by  connecting  the  carry-m  and 
clock  pins  of  a  counter  together  and  then  connecting  them  to 
the  carry-out  of  a  lower  stage,  the  upper  digit  will  receive 
one  count  each  time  the  previous  stage  counter  has  accumu¬ 
lated  10  counts.  This  also  means  that  the  carry-out  of  the 
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last  counter  in  a  string  will  be  high  at  all  tiroes  unt ' 1  all 
previous  stages  have  0  at  their  outputs.  Then  when  pin  7  of 
IC6  becomes  low,  the  counters  have  accumulated  the  total 
range  placed  on  the  jam  inputs  at  the  start  of  a  run.  On  this 
basis,  only  1  pin  is  needed  to  decode  the  point  where  the 
correct  range  is  reached. 

To  determine  the  prearm  point,  which  is  set  at  400  feet 
from  the  end  of  final  arm,  6  diodes,  D12  through  D17,  are 
used.  These  diodes  are  connected  to  the  1,  2,  4,  and  8  output 
pins  of  the  last  counter  IC6  and  the  4  and  8  pins  of  the  pre¬ 
vious  counter  IC5.  When  any  of  these  outputs  is  at  a  logic  one, 
the  signal  at  connector  pin  F  will  be  a  logic  one.  For  pin  F 
to  be  a  logic  zero,  all  diode-connected  outputs  must  be  low. 

This  occurs  400  feet  from  final  arm.  The  only  function  this 
performs  is  to  turn  on  an  indicator  light  on  the  ICP  control 
panel. 

C lock ,  The  clock  is  formulated  by  IC2-D  which  is  1/4  of 
an  LM339,  a  quad  comparator.  This  circuit  functions  as  an 
exclusive  OR  gate  to  provide  a  K  factor  of  two  counts  per  revo¬ 
lution.  The  two  inputs  to  this  circuit  are  commutation  outputs 
derived  from  pin  1  of  IC2-B  and  pin  2  of  IC2-A.  These  two 
signals  and  the  IC2-D  circuit  are  shown  in  Figure  16  to  aid 
in  the  explanation. 

To  follow  the  operation  of  this  circuit,  start  at  the 
point  shown  by  the  arrow  on  the  signal  diagram.  At  this  time, 
pin  1  is  high  and  pin  2  is  low.  With  pin  2  low,  resistor  R32 
is  now  in  parallel  with  resistor  R36.  With  pin  1  high,  resis¬ 
tor  R33  is  in  parallel  with  R36.  Since  a  logic  high  is  14 
volts,  there  now  exists  an  equivalent  circuit  at  pin  8  of  a 
voltage  divider  of  two  50, 000-ohm  resistors  being  supplied  by 
14  volts.  Therefore,  pin  8  is  at  7  volts.  The  pin  9  voltage 
results  from  the  pin  1  input  of  14  volts  which  is  divided  by 
R34  and  R38  to  provide: 


Pin  9 


:i4  -  0.7)  150  K  = 
150  K  +  100  K 


8  volts 


l 

! 

I 


K 


Since  pin  9  is  at  8  volts  and  pin  8  is  at  7  volts,  pin  14  will 
be  high.  The  next  condition  is  a  high  at  both  pin  1  and  pin  2. 
The  pin  9  voltage  will  not  change  and  will  remain  at  8  volts. 
At  pin  8  there  now  exists  a  voltage  divider  equivalent  circuit 
of  three  100,000-ohm  resistors  in  parallel,  or  33,000  ohms  in 
series  with  100,000  ohms  (R37).  The  pin  8  voltage  will  then 
be : 
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The  pin  8  voltage  is  now  higher  than  the  pin  9  voltage  and 
the  pin  14  output  will  be  low.  The  next  condition  is  a  low  at 
pin  1  and  a  high  at  pin  2.  This  is  the  same  condition  as  for 
pin  1  high  and  pin  2  low;  therefore,  the  pin  14  output  will  be 
high.  The  last  condition  is  a  low  at  both  pin  1  and  pin  2. 

This  places  zero  volts  at  pin  9  and  an  equivalent  voltage 
divider  circuit  at  pin  8  as  follows.  Resistors  R33,  R32  and 
r37  are  in  parallel  to  ground.  This  33,000-ohm  resistance  is 
in  series  with  R36  to  form  a  voltage  divider  for  pin  8  of: 


(14)  (33  K) 

Pin  8  “  100  K  +  3$  K 


3.5  volts 
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Since  pin  9  is  at  ground,  pin  14  output  will  be  low.  The  net 
result  of  the  circuit  is  the  signal  shown  on  the  Figure  16 
diagram  for  pin  14.  It  is  a  sequence  wave  of  double  the  motor 
frequency,  or  two  counts  per  revolution. 

Pin  14  is  connected  to  the  clock  input  of  the  first 
counter  (pin  15) .  The  divider  Dll  is  connected  to  pin  7  of 
IC6,  Since  this  is  the  final  arm  pin  and  will  go  low  when 
final  arm  is  reached,  it  will  force  a  permanent  0.7-volt  level 
at  pin  9  except  when  both  pin  1  and  pin  2  inputs  are  low,  at 
which  time  the  level  is  low  or  zero  volts.  Then  when  pin  7  of 
IC6  is  low  or  at  final  arm,  the  highest  voltage  which  can  be 
seen  at  pin  9  is  0.7  volt.  This  level  is  lower  than  will  be 
seen  at  pin  8  regardless  of  pin  1  and  pin  2  levels.  Therefore, 
pin  .14  will  be  low  whenever  pin  7  of  IC6  is  a  low.  This  means 
that  no  further  count  can  be  accumulated  by  the  range  counters 
following  final  arm. 

in  addition,  pin  14  is  routed  to  connector  pin  G  of  the 
ICP  for  use  in  clocking  the  ICP  range  counters  and  for  moni¬ 
toring  purposes.  The  frequency  of  this  signal  is  the  missile 
velocity  ir.  feet  per  second.  For  example,  if  the  frequency  is 
200  Hz,  the  missile  velocity  is  200  feet  per  second. 

Commutation.  The  paired  photo  transistor  Q16  and  photo 
diode  D3  form  the  first  commutation  channel.  Pair  Q 17  and  D8 
form  the  other  channel'.  The  wedge  shaped  shutter  previously 
explained  is  oriented  between  each  of  the  pairs  to  form  the 
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basic  commutation  signals.  Since  the  first  pair  is  oriented 
90  degrees  from  the  second  pair,  the  relative  signals  will  be 
90  degrees  apart.  Whenever  a  pair  is  shuttered  or  the  light 
is  cut  off,  the  photo  transistor  collectors  will  be  high.  Un¬ 
interrupted  light  will  result  in  a  low  at  the  collectors. 
Therefore,  by  alternately  interrupting  and  opening  the  light 
path  between  the  photo  diode  and  photo  transistor,  the  con¬ 
tinuous  signals  seen  at  the  collectors  will  be  as  shown  in 
Figure  17 : 


Q16 

Collector 


Q17 

Collector 


These  signals  are  fed  to  the  positive  inputs  of  compara¬ 
tors  IC2-A  and  IC2-B,  which  are  used  to  square  up  the  commu¬ 
tation  signals.  The  trigger  points  are  adjustable  by  means 
of  variable  resistors  Rl2  and  R28,  which  serve  as  adjustable 
voltage  dividers.  It  is  necessary  to  formulate  a  square  wave 
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for  use  as  the  conation 

performance.  That  is, the' of  rotation  and  then 
motor  coil  should  ^^“rorlM  degrees  variable  resistors  R12 
reverse  for  the  next  '  e  t0  set  the  square  wave  duty 

“^fatafo  pSercen?rorhiS80Pde?rees  for  each  condition. 

in  addition  to  supplying  the  count^ignal.^h^commutation 

waveforms  are  fed  to  ICl-B  an  •  through  R23  to  the  base 

amplifiers.  The  output  of  ICl-B  is  tea  n  y  result  q£ 

of  Q6  and  to  the .  inverting  input  of  ^Cl^^  countetpart  Q5  is 

this  connection  ls.tJ'ai  Q  iu  be  0n.  As  will  be 

off.  Similarly,  with  Q6  of  ,  Q  current  through 

explained  later,  this  Pr°^d“|®  degrees  and  then  in  the  other 

coil  A  in  one  direction  for  180  degrees^a^^  procedure  is 

direction  for  the  next  180  degr  .  side  (Q12)  and 

used  for  the  other  coil,  with  IC1-D  driving 
jq2-C  the  other  side  (QH)  • 

Resistors  RIB  and  Rl7  are  us^d  as  a  voltage  th^f our^buf fer 

work  to  establish  a  com™°a  and  R35  are  used  to  limit 

amplifiers.  Resistors  RW,  *23,  ™  protection.  Each 

the  amplifier  output  curr  collector,  and  a  pull-up 

Stor°mu^e9UdS  “h^esUtors  are  *15.  *31,  *38  and 
R24  . 

hysteres1ist?oSefiminfteRtSeaSfecets  o°f  no?IeVn  thfir  inpuf 
signals . 

Moto£^  Q8randtassoc?atedA 

consists  of  transistors  Q3,  Q4,  Q5.  Qb. £  ^  Q&  -s  off>  with 
resistors.  As  stated  earli  ,  it  on.  The  collector 

Q5  on,  base  current  flows  in  Q3  r20  to  turn  it  on.  Current 
of  Q3  is  fed  to  the  base  of  Q  collector  of  Q3  through 

can  now  flow  through  coil  1_hroug-h  t^e  collector  of  Q8.  The 
the  coil  and  then  Jr°  off  qs  and  turning  on  Q6.  With 

current  is  reversed  by  shutting  it  on.  its  collector 

q6  on,  base  current  flows a  cu?r4nt  path  now  exists  for  the 

coilS.f rorn^ the^collec tor^of  Q4  through  the  coil  to  the  collec¬ 
tor  of  Q7  and  then  to  ground. 

.  -  „rotect  05  and  Q6  from  excessive  reverse 

biasing'  Resistors  RB^nd  R7  set  the  base  current  levels  for 
Q3  and  Q4 . 


Coil  B  is  operated  in  the  same  way  as  coil  A  except  the 
phase  is  offset  by  90  degrees.  Diodes  Dl9  through  D22  are 
used  to  reduce  the  effects  of  back  emf  on  ground.  The  coil 
back  emf  is  sometimes  negative,  which  can  result  in  ground 
noise,  but  this  noise  is  held  to  a  one-diode  drop  by  the  means 
shown . 

Null  Circuits.  The  null  circuits  consist  of  photo  diode 
Dl,  photo  transistor  Q15,  operational  amplifier  ICl-A,  tran¬ 
sistors  Ql  and  Q2,  and  related  circuitry.  The  collector  of 
the  photo  transistor  is  connected  to  the  positive  input  of 
ICl-A,  and  the  shutter  operates  to  shut  off  greater  amounts 
of  light  with  increased  g's.  Therefore,  the  input  to  ICl-A 
increases  with  an  increase  in  g  level.  The  resulting  output 
of  ICl-A  at  pin  1  is  an  increasing  voltage  with  increased  g. 

Pin  1  output  drives  Ql,  which  in  turn  supplies  base  current 
for  Q2 .  Transistor  Ql  serves  as  a  voltage  controlled  current 
sink,  since  the  emitter  is  fed  back  to  the  negative  input  of 
the  amplifier.  Therefore,  the  total  gain  of  IC1  and  Ql  is 
approximately  one. 

Since  it  is  not  possible  to  bring  the  Q15  collector  to 
ground  when  it  is  completely  turned  on,  some  offset  is  neces¬ 
sary  for  the  amplifier  negative  input.  This  is  accomplished 
by  R3  and  R4 .  In  other  words,  when  the  null  shutter  is  open 
or  the  null  mass  is  high,  all  power  should  be  shut  off  to  the 
motor.  Without  the  offset  connection,  some  power  would  always 
be  supplied  regardless  of  null  position.  Because  it  is  neces¬ 
sary  to  use  the  offset  connection,  diode  D18  is  also  required 
since  the  50-ohm  resistor  would  swamp  out  the  offset  voltage 
in  the  feedback  loop. 

Capacitor  C2  is  the  key  to  accomplishing  the  tracking 
null  design  since  without  this  capacitor  the  null  would  oscil¬ 
late.  It  will  also  oscillate  if  the  gain  is  increased  by 
placing  resistance  in  series  with  D18.  The  capacitor  serves 
as  a  unidirectional  null  mass  velocity  control.  For  example, 
suppose  the  system  is  in  equilibrium,  or  tracking.  Then  the 
voltage  at  pin  2  will  be  only  a  few  microvolts  less  than  the 
voltage  at  pin  3.  For  purposes  of  this  program,  the  positive 
input  voltage  and  the  feedback  or  negative  input  voltage  to 
the  operational  amplifier  are  equal.  Therefore,  capacitor  C2 
is  charged  to  the  null  or  input  voltage.  This  capacitor  can 
charge  very  rapidly  from  the  emitter  of  Ql  through  diode  D18, 
but  can  discharge  slowly  through  R4 .  On  this  basis,  suppose 
the  null  suddenly  has  too  much  motor  torque  being  applied  and 
the  shutter  starts  up.  The  result  of  this  action  is  a  reduc¬ 
tion  in  voltage  at  pin  3,  the  positive  input.  Since  the 
capacitor  cannot  discharge  as  fast  as  the  charge  at  pin  3, 
the  negative  input  voltage  will  be  larger  than  the  positive 
input.  Therefore,  the  amplifier  output  at  pin  1  will  go  to 
ground,  shutting  off  Ql  and  Q2 .  This  means  that  the  null  does 


not  have  to  travel  very  far  to  remove  sufficient  motor  current 
to  correct  for  a  need  of  torque  reduction.  The  reverse  is 
also  true.  For  a  demand  for  greater  torque,  a  slight  increase 
in  Q15  collector  voltage  will  result  in  an  increase  in  the  Ql 
current;  however,  this  voltage  is  fed  back  immediately  to 
charge  C2  .  The  net  effect  of  the  circuitry  is  a  quick  re¬ 
sponding  null  voltage  with  a  slight  change  in  null  position. 
Transistor  Ql  controls  the  Q2  base  current  which  in  turn  con¬ 
trols  the  current  to  the  motor. 

Diode  d2  is  used  to  keep  the  prestart  voltage  off  the  Q2 
collector.  The  prestart  voltage,  which  is  applied  to  the 
motor  bus  via  connector  pin  A,  is  used  to  establish  an  initial 
motor  RPM  for  testing  purposes.  The  RPM  is  adjusted  by  varying 
the  prestart  voltage  at  the  ICP.  Normal  motor  voltage  is 
applied  at  pin  D,  which  is  connected  to  the  Q2  emitter.  Capac¬ 
itor  Cl  filters  the  logic  supply,  +14  volts.  When  the  motor 
coils  are  switched,  large  inductive  spikes  are  created.  To 
control  this  the  filter  capacitor  is  used. 


SECTION  VII 


INITIAL  BREADBOARD  PROTOTYPE  TESTING 


The  breadboard  prototype  unit  was  subjected  to  centrifuge 
testing  and  to  environmental  testing  consisting  of  exposure  to \ 
high  and  low  temperature  plus  sine  and  random  vibration.  Both 
evaluations  are  described  below. 

Centrifuge  Tests.  The  centrifuge  tests  were  conducted 
first  and  were  witnessed  by  the  sponsor.  During  the  setup 
procedure  for  these  tests,  an  attempt  was  made  to  set  the 
instrument  Control  Package  (ICP)  outside  the  centrifuge  and 
route  signals  through  the  centrifuge  slip  rings.  To  collect 
operational  data  (null  and  RPM  information) ,  a  visicorder 
was  used.  The  remaining  range  and  time  information  were 
recorded  on  the  ICP. 

Two  problem  areas  were  found  to  exist.  First,  the  cabling 
distance  between  the  SSS  and  ICP  was  too  great,  resulting  in 
distortion  of  signal  information  that  prevented  reliable  ICP 
processing.  Second,  sufficient  drive  power  was  not  available 
from  the  ICP  to  drive  the  visicorder  directly.  To  solve  these 
problems,  the  ICP  was  mounted  inside  the  centrifuge  as  close  to 
the  axis  of  rotation  as  possible,  and  signals  used  for  driving 
the  visicorder  were  amplified  by  external  electronics.  The  ICP 
was  modified  to  accept  a  remote  control  box  to  accomplish  the 
functions  of  starting,  stopping,  and  resetting.  A  TV  camera  was 
mounted  in  front  of  the  ICP  to  monitor  the  range  and  time  data. 

The  SSS  was  mounted  at  a  distance  of  32  inches  from  the 
centrifuge  axis  of  rotation.  Because  there  is  some  difficulty 
in  setting  and  maintaining  the  exact  centrifuge  RPM,  the  actual 
RPM  was  recorded  immediately  prior  to  the  run,  and  the  actual 
g- level  imposed  on  the  SSS  was  calculated  with  the  following 
relationship: 

a  =  Ru/'  (32) 

Where : 

a  =  acceleration 

R  =  radius 

U  =  angular  velocity 


Appropriate  substitution 


of  units  and  rearranging  yields: 


g 


9.0818  x  10 


(33) 


or: 


Z 


=  33.1829  g 


1/2 


(34) 


Where: 


Z 


=  centrifuge  angular  velocity  in  revolutions  per  minute. 


puns  were  made  at  6,  11  and  17g  levels  and  the  data 
collected  is  presented  in  Tables  1  through  3  which  are  set  up 

as  follows: 


Column  1  -  The  run  number. 


Column  2  -  The  centrifuge  RPM  and  g  level  using  the 
relationship  above. 


Column  3  -  The  final  arm  distance  set  on  the  ICP. 


Column  4  -  The  recorded  run  time  to  the  distance 
selected. 


Column  5  -  The  calculated  rate  of  acceleration  based  on 
the  selected  run  distance  and  recorded  time. 


Column  6  -  The  actual  distance,  calculated  from  the  g- 
level  and  run  time. 


Column  7  -  The  percentage  distance  error. 


mwo  sources  of  error  exist  in  the  measurement  apparatus 
of  the  svstem*  (1)  the  centrifuge  will  vary  during  a  run  by 
an  estimated  6.2  percent,  end  (2)  the  counting  mechanism  rs 

accurate  to  within  ±1  count  or  +1  foot  *t  6g  (*0°-fo f 
run  distance)  these  factors  amount  to  *  total  ^ ,  At 

?Tc  !?u;  distance  of  140  feet)  the  error  is  0.71  percent  plus 
the  centrifuge  error  of  0.2  percent  or  a  total  possible  error 
Of  0??fper«nt  in  range.  At  17g  (run  distance  or  100  feet) 
the  total  error  is  1.2  percent. 


TABLE  1.  RUN  SERIES  NO.  1  -  6g 


Run 

RPM/q 

Distance 
( feel. ) 

Time 

(sec) 

Acceleration 

(q) 

Actual 

Distance 

Percent 

Error 

1 

81.13/5.977 

400 

2.04  8 

5.923 

403.6 

0.9 

2 

81.11/5.975 

400 

2.047 

5.929 

403.1 

0.8 

3 

81.07/5.969 

400 

2.017 

6.107 

391.0 

2.25 

4 

81.11/5.975 

400 

2.036 

5.993' 

398.8 

0.31 

5 

81.08/5.970 

400 

2.055 

5.  883 

405.9 

1.48 

6 

81. 13/5.977 

400 

2.043 

5.952 

401.6 

0.40 

7 

81.10/5.973 

400 

2.042 

5.958 

401.0 

0.25 

8 

81.10/5.973 

400 

2.  031 

6.023 

396.7 

0.83 

9 

81.22/5.991 

300 

■1.739 

6.162 

291.7 

2.77 

10 

81.13/5.977 

300 

1.760 

6.015 

298.1 

0.64 

11 

81.12/5.976 

300 

1.777 

5.901 

303.8 

1.27 

TABLE  2.  RUN  SERIES  NO.  2  -  llg 


Run 

RPM/q 

Distance 
( feet) 

Time 

(sec) 

Acceleration 

(g) 

Actual 

Distance 

Percen 

12 

109.84/10.957 

140  _ 

0.897 

10.807 

141.9 

1.35 

13. a 

109.84/10.957 

140 

0.881 

11.203 

136.9 

2.21 

13.  b 

109.84/10.957 

140 

0.883 

11.153 

137.5 

1.78 

13.  c 

109. 84/10.957 

140 

0.880 

11.229 

136.6 

2.43 

13. d 

109 . 84/10 , 957 

140 

0.882 

11.178 

137.2 

2.00 

13. e 

109.84/10.957 

140 

0.881 

11.203 

136.9 

2.21 

13. f 

109.84/10.957 

140 

0.880 

11.229 

136.6 

2.43 

13. g 

109.84/10.957 

140 

0.883 

11.153 

137.5 

1.78 

13. h 

109 . 84/10. 957 

140 

0.881 

11.203 

136.9 

2.21 

13. i 

109.84/10.957 

140 

0.884 

11.127 

137.9 

1.50 

13.  j 

109.84/10.957 

140 

0.881 

11.203 

136.9 

2.21 

14 

109.83/10.958 

108 

0.781 

10.998 

107.6 

0.39 

15 

109 . 89/10.967 

149 

0.928 

10.746 

152.1 

2.05 

16 

109.87/10.963 

150 

0.934 

10.680 

154.0 

2.67 

TABLE  3.  RUN  SERIES  NO.  3  -  17g 


Run 


Distance  Time 
RPM/g  (feet)  (sec) 


Acceleration  Actual 
(g)  Distance 


Percent 

Error 


13G. 79/16. 993  97 


136.R0/16. 996 


1J)0 


1.86 


17 

18 


0.601 

0.602 


16.680 

17.139 


98.8 

99.2 


0.80 


In  the  6g  series,  the  worst  range  error  was  2.77  percent, 
and  the  bulk  of  the  runs  were  within  1  percent.  The  llg  runs, 
however,  presented  a  different  picture.  In  runs  13. a,  through 
13.  j.,  no  effort  was  made  to  adjust  the  null  caging  mechanism 
to  the  correct  starting  position.  Consequently,  the  null  struck 
the  PC  boards  several  times  at  the  beginning  of  each  of  these 
runs.  Whenever  the  system  is  not  caged  correctly,  the  null  mass 
may  be  down,  which  opens  the  shutter  to  permit  excessive  motor 
torque  at  the  start.  This  accelerates  the  null  upward  to  a  large 
displacement.  Since  the  PC  boards  are  mounted  very  close  to  the 
sides  of  the  system,  such  deflections  will  result  in  the  null 
impacts . 

When  the  null  strikes  the  PC  board,  it  bounces  back  with 
sufficient  speed  again  to  proceed  deep  into  the  open  shutter 
condition,  resulting  in  another  instance  of  excessive 
acceleration.  This  process  is  repeated  several  times  until 
correct  stability  is  established.  The  net  result  is  that  the 
system  runs  too  fast  and  provides  a  short  run  time. 

The  puzzling  factor  for  runs  13. a.  through  j.  is  the 
consistent  performance.  Since  the  number  of  impacts  was  not 
the  same  for  each  run,  it  is  expected  that  the  times  would 
have  been  different  from  run  to  run.  However,  as  the  data 
show,  the  maximum  deviation  was  4  milliseconds.  Despite  the 
impacts,  the  maximum  error  was  2.43  percent. 

Runs  12,  14,  15  and  16  may  be  considered  as  representative 
of  a  correctly  caged  system,  and  the  data  provided  from  these 
tests  is  within  2.67  percent. 

At  17g  only  two  runs  were  made,  wit.i  the  worst  error  being 
1.86  percent.  The  problem  here  was  that  the  caging  mechanism 
would  not  maintain  cage  under  the  high  levels  of  acceleration. 

To  correct  this  problem,  it  was  necessary  to  mount  the  caging 
mechanism  at  90  degrees  to  the  axis  of  acceleration.  This 
change  is  reflected  in  the  design  tested  later. 


Environmental  Testing.  The  breadboard  SSS  was  subjected 
to  high  temperature  (165°  f),  low  temperature  (-65°  F) ,  sine 
vibration  and  random  vibration.  Results  are  shown  in  Tables 
4  through  7.  As  the  data  show,  performance  in  the  high  tempera¬ 
ture  and  random  vibration  series  was  adequate;  however,  large 
errors  were  seen  in  low  temperature  and  sine  vibration  testing. 

Low  Temperature  Tests.  Each  of  these  was  conducted  at  lg. 


| 


Since  the  system  is  self-compensating  to  a  large  degree  within 
the  motor,  the  most  probable  source  of  error  is  in  null 
effects.  These  effects  usually  are  manifested  as  increased 


TABLE  4 


HIGH  TEMPERATURE  TESTS 


Run 

Distance 

(feet) 

Time 

(sec) 

Accelera lion 
(ft/sec2 ) 

Actual 

Ranqe 

Percent 

Error 

1 

1000 

7.839 

32.55 

989 . 3 

1.07 

2 

1000 

7 .918 

31.90 

1009.4 

0.94 

3 

1300 

9.133 

31.17 

134  2.9 

3.30 

4 

1300 

8.963  ' 

32.36 

1293.4 

0.51 

5 

1300 

9.017 

31.98 

1309.0 

0.69 

6 

1300 

9.05G 

31.70 

1320.4 

1.57 

7 

1300 

8.996 

32.13 

1302.9 

0.22 

8 

1300 

9.102 

31.38 

1333.8 

2.60 

9 

1300 

9.139 

31.13 

1344.7 

3.44 

10 

1300 

9.064 

31.65 

1322.7 

1.75 

TABLE  5.  LOW  TEMPERATURE  TESTS 


Run 

Distance 

(feet) 

Tine 

(sec) 

Acceleration 

(ft/sec2) 

Actual 

Range 

Percent 

Error 

1 

1000 

8.310 

28.96 

1111.8 

11 .18 

2 

1000 

8.072 

30.70 

1049.0 

4.90 

3 

1300 

9.442 

29.16 

1435.3 

10.41 

4 

1300 

9.324 

29.91 

1399.7 

7.67 

5 

1300 

9.177 

30.87 

1355.9 

4.30 

6 

1300 

9.226 

30.19 

1370.4 

5.42 

7 

1300 

9 . 209 

30 . 66 

1365.4 

5.03 

8 

1300 

9.4]  6 

29.33 

1427.1 

9.80 

9 

1300 

9.307 

30.02  . 

1394.6 

7.28 

10 

1300 

9.367 

29.63 

1412.6 

8.66 

i 


TABLE  6 

F—  1  III  ill  I,  nc.vawiwgri 

.  SINE 

VIBRATION 

Run 

Range 

(ft) 

Frequency 

(Hz) 

Time 

(sec) 

Acceleration 

(ft/sec2) 

Actual 

Range 

(ft) 

Percent 

Error 

1 

1000 

1019 

7.821 

32.70 

984.8 

1.52 

2 

1300 

1019 

9.323 

29.91 

1399.4 

7.65 

3 

1300 

1251 

9.301 

30.05 

1392.8 

7.14 

4 

1300 

1793 

9.336 

29.83 

1403.3 

7.95 

TABLE  7. 

RANDOM  VIBRATION 

Range 

Frequency 

Time 

Acceleration 

Actual 

Range 

Percent 

Run 

(ft) 

(I’z) 

(sec) 

(ft/sec2) 

(ft) 

Error 

5 

1300 

3.e  g  RMS 

9.013 

32. 01 

1307.9 

0.61 

6 

1300 

3.8  g  RMS 

9.04  2 

31.80 

1316.3 

1.25 

7 

1300 

3.8  g  RMS_ 

8.823 

33.40 

1253.3 

3.59 

8 

1300 

3.8  g  RMS 

8.94  2 

32.52 

1287.3 

0.98 

9 

1300 

3.8  g  RMS 

9.058 

31.69 

1321.0 

1.61 

10 

1300 

5.0  g  RMS 

9.026 

3,  .91 

1311.6 

0.89 

11 

1300 

5.0  g  RMS 

8.862 

33.11 

1264.4 

2.74 

friction  due  to  interference  fit  changes  or  unwanted  materials 
in  the  hearings.  interference  fit  changes  could  occur  in  the 
low  temperature  tests,  since  the  bearings  were  exposed  to  the 
air  for  long  periods  during  assembly  and  testing.  Accumulation 
of  foreign  materials  is  the  result  of  non-clean  procedures.  At 
low  temperature  the  viscosity  of  these  materials  will  change 
and  thus  cause  the  frictional  changes. 

In  the  cold  tests,  attempts  were  made  to  eliminate  the 
effects  of  moisture  by  installing  the  assembly  into  a  plastic 
bag  to  allow  a  continuous  flow  of  dry  nitrogen  across  the  SSS. 
This  was  done  during  the  3-hour  soaking  and  during  testing. 
However,  it  may  not  have  been  entirely  successful.  When  there 
is  increased  friction  in  the  null,  the  result  is  long  run  times 
or  less  acceleration.  The  preliminary  prototype  design 
facilitated  bearing  cleaning  and  replacement  and  thus  eliminated 
the  problem. 

Vibration  Testing.  The  sine  vibration  tests  were  conducted 
by  first  running  a  resonance  sweep,  then  running  the  SSS  at 
the  resonance  frequencies.  Results  are  shown  in  Figure  18. 

It  should  be  noted  that  the  test  frequency  was  slightly  different 
than  the  sweep  resonance.  Since  it  was  found  during  the  runs 
that  the  resonance  points  changed  slightly,  the  peak  point  was 
set  and  the  system  run.  It  is  believed  that  such  resonances  are 
set  by  the  bearings. 

Random  vibration  results  were  within  the  normal  limits  of 
error  for  the  device.  It  was  therefore  concluded  that  random 
effects  were  minimal. 


Figure  18.  Vibration  Test  Raw  Data  (Search) 
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Lgure  18.  Vibration  Test  Raw  Data  (Concluded) 
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SECTION  VIII 

final  breadboard  prototype  testing 


This  section  discusses  centrifuge  tests  conducted  on  the 
■breadboard  prototype  delivered  to  Eglin.  Numerous  runs  were  made 
at  each  of  6,  11,  17  and  27g  levels.  The  data  along  with  an 
error  analysis  is  provided  below. 

The  first  series  of  20  runs  were  accomplished  with  the 

z't  at  6q  No  effort  was  made  to  calibrate  the  SSS 
beyond^ 'that  accompli ^ed  at  one  g;  therefore,  the  calibration 
will  be  in  error  with  the  null  mass  slightly  on  e  ®avy 
For  the  6g  runs,  the  count  error  amounts  to  about  3  milli- 
seconds  in  run-iut  time  and  therefore  is  not  considered  in  the 
percent  error  calculations.  As  shown  in  Table  8,  the  error 
?ange  is  -2.54  to  +2.54  percent.  The  error  was  calculated  on 

the  basis  of  a  median  g  of  6.11. 

For  the  llq  runs,  the  median  selected  was  11.397g,  and  the 

error  range  was  -15.81  to  +2.18  percent:  it  levels 

that  at  the  end  of  the  positive  g  testing  f  .  , 

attempts  to  run  the  device  at  zero  or  negative  g  failed 
because  of  difficulty  in  setting  the  initial  ^un  velocity. 

The  SSS  was  then  run  at  one  g.  It  was  found  that  the  internal 
bearinas  were  sticking  and/or  freezing  up  periodical  y, 
par?LSari/as  tte  system  became  heated.  These  bearings  were 
dry,  i.e.,  no  lubrication  was  used. 

t+-  is  interesting  to  note  from  Table  9  that  if  the  four 
runs  noted  JStH  an  as?erisk  are  eliminated  and  the  one  count 
error  corrected,  the  calculated  occurs  in  15  of  the 

runs  considered  and  the  error  range  (based  °n+*8  f^cent 
?  94  percent  or  considered  on  a  median  basis  -1.47  percent, 
sincels  ?eet  is  the  bulk  range,  sticking  bearings  can  account 
for  the  66  and  67  foot  runs  of  which  there  are  four. 

For  17g  a  similar  occurrence  is  seen.  Three  of  the  four 
runs  noted  with  an  asterisk  are  at  low  range,  again  indicating 
stickingbearings .  The  117-foot  run  (No.  9)  is  not  under¬ 
stood.  The  range  of  error  here  is  -10.24  Pefcent  ?* 
percent.  Again  eliminating  the  four  runs  noted  with  an 
asterisk  and  correcting  for  one  count  measurement  error^  the 

Prror  range  is  2.88  percent  based  on  104  feet.  It  a  median 
is  Ssed,  ll.44  is  seen.  Thirteen  of  the  21  runs  provided  a 

range  of  104  feet. 
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TABLE  8.  SUMMARY  OF  6g  (6.11g)  RUNS 


Range 
( feet) 


1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 

1300 


Time 

(seconds)  g  Percent  Error 


3.682 

5.956 

2.54 

3.651 

6.058 

0.87 

3.636 

6.107 

0.07 

3.614 

6.182 

1.15 

3.629 

6 .131 

0.33 

3.654 

6.048 

1.03 

3.648 

6.067 

0.72 

3.620 

6.162 

0.83 

3.643 

6.084 

0.44 

3.651 

6.058 

0.87 

3.644 

6.081 

0.49 

3.611 

6.192 

1.31 

3.596 

6.244 

2.13 

3.589 

6.269 

2.52 

3.620 

6.162 

0.83 

3.622 

6.155 

0.71 

3.611 

6.192 

1.31 

3.591 

6.262 

2.41 

3.588 

6.270 

2.54 

3.612 

6.189 

1.26 

At  27a  the  results  are  consistent  with  previous  data. 

if  a  median  is  used.  interesting  to  note  that 

considered  resulted  m  71  feet.  “  runs  were  all 

Hr L^nn^s^  2=  -uTS^as  &  r~ 

SSir^in^-i  ^L^le^^ffi|tnand 

■^.^•nuS'-SrC  to 

drop^ in9 f r ict io^occurst  rSernullSwiliatten°accelerate 
ari^dlv  and  strike  the  PC  board  mounts  above  the  motor.  It  ha 
beln  founftSa?  fast  runs  occur  when  the  null  impacts  a  stop 
in  ?tfo?f  cycle.  The  reverse  is  true  for  the  lower  stop. 

Tf  the  friction  level  is  excessive  but  not  sufficient  to 

range  win  MirSr^fSS't^!  'ST dara^S^that 

should  be  inaic  feet  within  +20  milliseconds,  or 

bet  ter11  than  0.5  percent.  Several  hundred  runs  were  made  on  the 

sss'iss:  that 

the  beLings  were  contaminated.  Following  the  centrifuge  tests 
and  before^ shipping  the  device  to  Eglin.  ^tHrass  shims 

Srrfcopfc  ^n£ond™  ™d«s  SSiS-  th. 

k’S&M  SSS5t0LSTS;  JSASSToTS^Si 

performance  effects  when  malfunctioning  bearings  are  used. 

Analysis  of  the  data  also  indicates _ that  the  starting 
position  of  the  null  probably  played  an  important  role  i 
corrected  performance.  The  caging  mechanism  is  now  mounted 
degrees  to  the  detection  axis;  therefore,  the  acceleratio 
level  does  not  affect  the  solenoid  directly.  However,  with 
torque  on  t^  null  mass,  the  solenoid  plunger  is  forced  inward 
aaainst  its  spring.  Because  there  is  friction  within  th 
solenoid,  the  starting  null  point  will  vary  from  run.^°  . 

Since  consistency  is  the  prime  consideration,  the  null  parting 
important.  In  a  tracking  or  oscillating  null  system, 
the  null  should  be  started  against  the  iower  stop  or  at  the  g 
point.  in  subsequent  testing,  the  null  will  be  started 


TABLE  10.  SUMMARY  OF  17g  (17.685g)  RUNS 


Run 

Range 
( feet) 

Time 

(seconds) 

9 

Percent 

Error 

Calculated 

Range 

Percent 

Error 

1 

104 

0. 

6 

17.943 

1.44 

104 

0.00 

2 

99* 

17.080 

3.41 

3 

104 

17.943 

1.44 

104 

0.00 

4 

101 

17.426 

1  .46 

102 

1.92 

5 

105 

18'.  .116 

2.38 

105 

0.95 

6 

104 

17.943 

1.44 

104 

0.00 

7 

104 

17.943 

1.44 

104 

0.00 

8 

104 

17.943 

1.44 

104 

0.00 

9 

117* 

20.186 

12.39 

10 

104 

17.943 

1.44 

104 

0.00 

11 

100 

17.253 

2.43 

101 

2.88 

12 

104 

17.598 

0.49 

103 

0.96 

13 

102 

17.598 

0.49 

103 

0.96 

14 

103 

17.771 

0.48 

102 

1.92 

15 

104 

17.943 

1.44 

103 

0.96 

16 

92* 

15.873 

10.24 

17 

104 

17.943 

1.44 

104 

0.00 

18 

103 

17.771 

0.48 

103 

0.96 

19 

104 

17.943 

.  1.44 

104 

0.00 

20 

104 

17.943 

1.44 

104 

0.00 

21 

103 

17 . 771 

0.48 

104 

0.00 

22 

103 

17.771 

0.48 

104 

0.00 

23 

98* 

16.908 

4.39 

24 

103 

17.771 

0.48 

104 

0.00 

25 

103 

0 

.  6 

17.771 

0.48 

104 

0.00 

*Erroneous  data,  see  discussion 


given  position  to  determine  the  effects  of  starting  variation, 
improvements  in  null  tracking  will  permit  starting  to  be 
accomplished  at  the  lower  stop  without  excessive  upper 
excursions.  If  correct  damping  is  used,  the  null  should  travel 
to  the  tracking  position  quickly  without  excessive  overshooting 
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SECTION  IX 

ANALYSIS  OF  PROGRAM  REQUIREMENTS  -  PART  II 


The  second  portion  of  this  program  involved  fabrication  and 
testing  of  a  preliminary  prototype  and  design,  fabrication  and 
testing  of  a  final  prototype.  Five  of  the  preliminary  prototype 
designs  were  to  be  constructed,  and  one  was  to  be  temperature, 
vibration  and  centrifuge  tested.  This  design  is  the  same  as  the 
breadboard  prototype  described  in  the  previous  sections  of  this 
report . 


Before  designing  the  final  prototype,  a  motor  evaluation 
was  conducted  to  ascertain  if  improvements  in  performance  and 
cost  could  be  made.  Following  this  evaluation,  five  final 
prototypes  were  to  be  constructed  with  one  unit  subjected  to 
temperature,  vibration  and  centrifuge  testing.  After  the  above 
activities,  each  of  the  five  preliminary  prototypes  and  five 
final  prototypes  were  to  be  calibrated  and  shipped  to  the 
sponsor.  A  failure  mode  and  effects  analysis  was  also  conducted 
and  is  provided  in  Section  XV. 


SECTION  X 


MOTOR  EVALUATION 


Before  formulating  a  design  for  the  final  prototype  SSS, 
a  motor  evaluation  was  conducted.  The  purpose  of  this  effort 
was  to  determine  if  significant  improvements  in  the  performance 
and  cost  of  the  SSS  could  be  achieved,  and  results  of  the 
evaluation  were  to  be  used  in  the  final  prototype  design.  This 
section  includes  a  discussion  of  the  motor  study  and  a 
presentation  of  the  final  prototype  design  approach. 

During  the  breadboard  and  preliminary  prototype  design 
efforts,  two  parameters  were  found  which  contribute  to  range 
error.  These  were  frictional  torque,  T^,  between  the  null  and 
mechanical  ground  and  the  null  oscillation  effect  on  rotor 
performance.  Although  these  are  sources  of  error,  the  amount 
of  range  variation  is  dependent  on  the  value  of  other  parameters. 
For  example,  in  an  oscillating  null  system  or  bang-bang  system, 
a  null  duty  cycle  of  about  35  percent  will  exhibit  little  range 
error  due  to  Tc.  In  addition,  the  null  oscillation  effect  on 
rotor  performance  can  be  minimized  by  adjusting  other  parameters 
such  as  null  assembly  moment  of  inertia  to  increase  null  fre¬ 
quency  or  decrease  amplitude.  The  oscillation  effect  is  also 
negligible  for  applications  where  the  run  time  to  range  is  large 
compared  with  the  number  of  null  cycles  which  occur  during  the 
period. 

Of  the  two  error  sources,  frictional  torque  is  the  most 
significant.  As  was  shown  in  Section  IV  of  this  report,  Tc  not 
only  contributes  to  system  error  but  influences  the  entire 
design  in  terms  of  SSS  size  and  power  consumption.  For  a 
system  requiring  the  detection  of  a  large  g  range,  the  value 
of  Tc  becomes  even  more  critical.  If  this  parameter  could  be 
eliminated  or  reduced  to  zero,  any  DC  motor  coxild  be  used  to 
detect  almost  any  level  of  acceleration  and  produce  very  accurate 
results.  Without  Tc,  the  principle  limitation  would  be  the 
size  of  the  null  mass  relative  to  the  level  of  dynamic  balance 
which  could  be  achieved  in  the  null  assembly.  On  this  basis 
then,  if  a  technique  could  be  found  to  eliminate  Tc,  motor- 
evaluation  would  be  reduced  to  a  selection  based  primarily  on 
small  size  and  low  power  consumption.  In  general,  there  is  a 
motor  cost  relationship  to  size  in  that  larger  motors  cost  more 
than  smaller  sizes.  Small  motors  also  offer  packaging  advantages 
and  low  power  consumption  consistent  with  the  needs  of  typical 
weapons  systems . 


The  technique  developed  for  mounting  the  motor  relative  to 
the  mechanical  structure  in  a  way  which  eliminated  Tc  consisted 
of  a  torsional  spring  approach.  This  concept  amounts  to  removal 
of  the  null  bearings,  which  are  replaced  by  the  springs.  A 
schematic  of  the  procedure  is  shown  in  Figure  19. 


Figure  19.  Mounting  Procedure 

With  this  design,  it  was  theorized  that  spring  effect  could  be 
minimized  by  configuring  the  system  to  control  null  displacement 
to  within  a  very  limited  range.  It  is  clear  that  an  ordinary 
sprinq  cannot  be  used  to  support  the  system,  since  only  angular 
mot; on  can  be  permitted.  To  prevent  side  or  vertical  motion, 
the  spring  must  be  configured  to  provide  the  necessary  support. 

A  torsional  spring  design  which  can  provide  the  necessary 
features  is  illustrated  in  Figure  20. 


Figure  20,  Torsional  Spring 


Here  a  small  slab  shaped  piece  of  metal  is  used  with  a  torque 
couple  applied.  This  shape  permits  the  torsional  displacement 
and  provides  vertical  support.  Another  such  slab  placed  90 
degrees  to  the  one  shown  will  provide  the  necessary  support  in 
all  directions.  Such  a  spring  is  an  available  shelf  item 
manufactured  by  Bendix.  The  exact  configuration  is  shown  in 
Figure  21. 

Components  used  to  provide  electrical  access  to  the  motor 
also  contribute  to  Tc.  In  the  typical  SSS  design,  electrical 
access  is  accomplished  by  slip  rings  and  brushes.  The  torsional 
spring  approach  solves  this  problem,  since  electrical  power  can 
be  provided  through  the  springs.  Two  springs  are  required,  one 
for  each  side  of  the  motor.  One  side  provides  the  positive 
polarity  and  the  other  the  negative  or  ground.  These  two 
parameters,  electrical  access  friction  and  null  bearing 
friction,  make  up  Tc  and  are  eliminated  by  the  spring  approach. 

In  the  spring  design,  it  is  necessary  to  limit  null 
deflection  to  the  smallest  possible  angle.  If  this  can  be 
accomplished,  then  the  null  acceleration  torque,  Ta,  will  be 
equal  to  the  motor  torque  as  desired  for  accuracy.  To  provide 
this  the  null  must  track  or  be  a  stable  device  with  no 
oscillation.  By  accomplishing  the  tracking  feature,  the  second 
error  source,  the  null  oscillation  effect,  will  be  eliminated. 
For  these  reasons  then,  the  torsional  spring  design  was  selected 
for  use  in  the  final  prototype  SSS . 

The  next  step  is  motor  selection.  It  is  apparent  that 
available  spring  support  is  limited  and  motor  weight  must 
therefore  be  as  low  as  possible.  In  addition,  the  rated  spring 
loading  is  a  function  of  the  spring  rate.  That  is,  if  a  small 
spring  rate  is  desired,  the  loading  in  other  directions  which 
it  can  accommodate  is  also  small.  Normally,  a  small  rate  is 
desirable  from  the  standpoint  of  reducing  spring  effects  due  to 
null  deflection.  It  is  also  necessary  to  pick  a  motor  whose 
torque  output  is  large  compared  with  the  spring  torque  at  a 
given  deflection.  On  this  basis,  the  smallest  spring  available 
was  selected.  Its  rate  was  0.176  ounce-inch/radian.  The  motor 
selected  was  a  Micromo  Electronics  060  device  0.5.  inch  in 
diameter  by  0.5  inch  long. 

Detailed  performance  data  are  provided  in  a  subsequent 
section.  It  is  important  to  note  here  that  power  consumption 
of  this  device  is  less  than  two  watts.  As  a  comparison,  the 
breadboard  and  preliminary  prototype  motors  consume  about  45 
watts.  In  addition  to  the  power  advantage,  the  motor  selected 
has  a  unique  rotor  design  of  low  inertia  that  permits  accelera¬ 
tion  to  33,000  RPM  in  about  50  milliseconds.  With  this 
capability,  more  than  lOOg  positive  and  negative  acceleration 
can  be  detected. 
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On  the  basis  of  the  promise  of  greater  accuracy,  larger  g 
detection  range,  lower  power  consumption,  reduced  cost  and  a 
smaller  package,  this  approach  was  selected  for  use  in  the  final 
prototype.  It  was  not  within  the  scope  of  this  program  to  study 
every  possible  DC  motor  which  may  be  used,  and  because  the 
spring  approach  indicated  the  use  of  an  optimum  motor  (small  size, 
low  power,  low  cost,  etc.),  the  motor  evaluation  was  reduced  to 
implementation  of  the  design  concept. 

Before  proceeding  to  the  later  sections  which  describe  this 
portion  of  the  effort,  it  will  be  useful  to  provide  preliminary 
information  on  the  implementation  procedure.  To  accomplish  the 
tracking  null  design,  servo  mechanism  design  procedures  must  be 
used  to  establish  compensation  circuits.  These  circuits  are 
used  to  ensure  null  stability,  i.e.,  the  closed  loop  performance 
of  the  system  must  be  stable  and  have  a  fast  transient  response 
and  a  high  gain  to  minimize  spring  deflections.  The  first  step 
in  such  a  procedure  is  to  derive  the  open  loop  equation  for  each 
part  of  the  system  with  no  electronic  compensation.  The  various 
parameters  are  then  measured  and  substituted  into  the  equations. 
These  relationships  are  then  confirmed  by  running  a  frequency 
response  of  the  open  loop  system.  If  the  relationships  are 
correct  and  characterize  system  performance,  then  electronic 
compensation  techniques  can  be  formulated.  This  is  the  general 
approach  used  as  detailed  in  subsequent  sections  of  this  report. 
Before  proceeding  to  a  theoretical  analysis,  further  conceptual 
details  are  provided. 

The  basic  SSS  concept  was  discussed  in  Section  II.  This 
concept  applies  to  all  three  designs  (breadboard,  preliminary, 
and  final  prototypes) ;  however,  the  theoretical  analysis  is 
somewhat  different  for  the  final  prototype.  All  designs  are 
servo  mechanisms,  but  the  breadboard  and  preliminary  prototypes 
are  positional  types,  because  the  null  responds  to  applied 
acceleration  on  the  basis  of  locations.  That  is,  the 
application  of  null  torques  is  always  in  a  direction  which  tends 
to  restore  the  null  to  the.  transition  line.  Because  springs 
are  used  in  the  final  prototype,  the  system  is  a  torque  servo 
mechanism.  Figure  22  shows  this  feature. 


Torque  Error  (Tg) 


Figure  22.  Summing  Junction 
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At  the  springs,  an  ^^^in^spring^de fleet ion  and  torque 
unbalanced  mass.  This  results  .  Pd  ffection  is  sensed  and 
error,  Ts  (spring  torque).  If  this^  ^  reSults 

motor  current  supplied,  t  reduce  the  torque  error  to  a 

shown.  This  torque  xs  applied  t  This  is  the  desired 

value  where  Tm  is  almost  LwfU  Sccelerate  under  the  influence 

result,  since  the  motor  roto  is  ciear  then  that  the 

of  Ta  as  explained  in  Sec  Vg^1  ^  the  spring  torque  is  close  to 
system  error  will  be  ,  ished  if  the  spring  deflection  error 

zero.  T*iS  ?L^da?o°aPieryeiarge  electronic  gain.  For  reasons 
signal  is  subjected  to  y  extremely  large  gam  may  not  be 

which  are  discussed  lata5(  aJituation,  a  spring  having  a  low 
practical.  To  improve  this  8^™1iest  ?0rsional  spring  rate 
spring  rate  should  be  used.  N  5004-800)  manufactured 

found  is  provided  by  a  5hiB  sp ring,  having  a  spring 

by  Bendix  Fluid  i?Sho3i  in  Figure  21. 

rate  of  0.176  ounce  inch  p  .  ±.-,.3  torsional  springs  are 

Here  the  two  ortbo|°daLY  cylindrical  shaped  sleeves.  Weld  joints 
supported  on  each  end  by  cy unarm 
are  used  in  the  construction. 

motor  and  its  functional  parameters 
The  Micromo  Electronics  re  23 .  This  motor  has  a  no- 

and  construction  are  shown  i  ^  ,  six  voits.  The  ironless 

produces  anVerytlow  -?%  «*"***’ 

acceleration" is^ver^large .  Maxi,-  speed  is  reached  in  about 
50  milliseconds. 

Figure  24  shows  ®c'heiJat^Cgtructure!he'IVot2SppSrt9Pare9f irst 
used  to  mount  the  system  to  firgt  is  pressed  in  place  and  the 
installed  onto  the  motor.  Th  f  ri b  t£en  pressed  into  the 

second  threaded  as  shown.  Sp  9^  insulator  sleeves  at  the 

supports  on  thei£.inb°a^f7®  are  pressed  into  the  mounting 
outboard  ends.  7116 Jl®  S®  are  made  of  insulating  material 
structure  for  support . conductors .  Each  motor  terminal  is 

connected^ to  l  ^ring  via  a  wire  (not  shown). 

To  determine  the  range  •  ISO^efrteT^ 

shaft,  and  holes  are  cut  in  o  and  hoto  transistor.  The 

same" techn  iqu^wa  s8 us ed" f or  the  breadboard  and  preliminary 

prototypes. 

.  _  , nrnvides  the  necessary  background  to 

accompli sh^the  ^eo^ica  Lalysis  oi  this  approach.  The 
analysis  is  presented  m  Section  XI. 


Final  prototype 


MOTOR  PARAMETERS 


0.229  OUNCE- I NCHES/ AMPERE 


TORQUE  SENSITIVITY,  K 


0.0016  VOLTS/RADI  AN/SECClND 


BACK  EMF  CONSTANT,  K 


OUNCE- INCHES/RAO  I  AN/SECOND 


VISCOUS  DAMPING  CONSTANT,  A  -  1.05  X  10 


19  OHMS 


RESISTANCE,  R 


RATED  VOLTAGE,  V 


HENRY 


INDUCTANCE,  L 


Final  Prototype  Motor  (Concluded) 


LEGEND 


1  -  Torsional  Spring 

2  -  Insulator  Sleeve 

3  -  Mounting  Structure 

4  -  Motor  Electrical  Terminals 

5  -  Motor 

6  -  Motor  Support  -  1 

7  -  Rotor  Shaft 

8  -  Motor  Support  -  2 

Figure  24.  Motor  Mounting  Schematic 


SECTION  XI 


FINAL  PROTOTYPE  THEORETICAL  ANALYSIS 


This  section  presents  a  “o  frt  theoretical  -elysis^^.^ 
the  final  prototype.  : In the  firStpa  ^  c|nduct  computer 
ships  is  formulated  whic  solutions.  These  relationships  are 
analysis  or  to  derive  rmrnoses.  The  second  part 

provided  primarily  for  info  manipulation  accomplished  on 

consists  of  a  description  of  the  manipulation  ^  j  establishing 
various  “eoretioal  relationships  for^^  Ps^ecessary  to  provide 

S2S* nuUnop«atIon;  i  e.  to  pSodae.  tracking  null  perfonnance_ 


in  ^oniunction  with  ^.^^.TlSrfoftnSSSlon 
p^osU  only?  sinci  the  ^aition  of  compensation  circuits  will 

S?S5^%S52:  i^provided*  i^the^se.ond  part  of  the 
analysis . 

Definition  of  Parameters. 

=  torque  constant  (ounce- inches /ampere) 
back  emf  constant  (volts/ radian/second) 

viscous  friction  coefficient  (ounce- inch /radian /second) 
rotor  moment  of  inertia  (ounce-inch-seconds2) 
stator  moment  of  inertia  (ounce-inch-second  ) 
torsional  spring  rate  (ounce-inch/radian) 
motor  resistance  (ohms) 
motor  inductance  (henry) 


K 


B 


A 

J 


R 


N 


K 


R 

L 


V 

I 

8. 


R 


=  motor  voltage  (volts) 

=  motor  current  (amperes) 

=  rotor  displacement  (radians) 


7n 


Tt 


Lv 


<=  null  displacement  (radians) 

=  motor  Coulomb  friction  torque  (ounce- i nches) 

=  viscous  friction  torque  (ounce-incbes) 

T  =  motor  torque  developed  (ounce-inches) 

D 

T  =  null  acceleration  torque  (ounce- inches) 

9. 

Tm  =  net  motor  torque  on  rotor  (ounce-inches) 

Free  body  diagrams  of  the  null  and  rotor  assemblies  are 
shown  in  Figure  25.  Using  these  diagrams,  the  equations  of 
motion  are  as  follows: 


rotor: 

T 


-  T  -  T  -  J  =  0 
D  V  B  R  R 


(35) 


stator /null: 

td  -  Ta  -  TV  "  TB  +  KS8H  +  Vn  =  ° 

The  Tm  term  is  defined  above  as  the  net  motor  torque  ,  or: 

T  -  T  -  =  Tm 

XD  V  B 

Substituting  Equation  (37)  into  Equation  (35)  yields: 

Tm  =  JR®R 


(36) 


(37) 


(38) 


If  it  can.be  shown  that  Ta  =  Tm,  then  Equation  (38)  becomes 
Ta  =  j R0R,  the  desired  result.  To  show  this,  Equation  (37) 
is  first  substituted  into  Equation  (36)  as  follows: 


Trn  "  JN®N  +  KS0N 


(39) 


This  relationship  shows  that  to  provide  Ta  =  Tm,  %  and  0N  must 
be  zero.  If  a  tracking/stable  null  is  realized,  then  8 N  will 
equal  zero  and  Equation  (39)  reduces  to: 


T  -  Tm  = 
a 


K 


:S0N  =  TS  (sPrin9  torque) 


(40) 


Equation  (40)  represents  the  torque  summing  junction  discussed 
previously .  It  can  be  seen  that  if  Ta  =  Tm  is  to  be  realized, 
then  must  be  zero  or  very  small.  To  develop  a  sensor  signal. 
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ROTOR  ASSEMBLY 
FREE-BODY  DIAGRAM 


STATOR  ASSEMBLY 
FREE-BODY  DIAGRAM 


Final  Prototype  Free-Body  Diagrams 


9 'N  cannot  be  zero  except  when  =  0;  therefore,  it  is  necessary 


to  make  0N  small  by  using  a  sensor  with  very  high  gain.  Then 
Ta  =  Tm  as  desired.  It  will  be  shown  later  that  for  all  value 
of  Ta,  Tm  =  B  Ta,  where  B  is  a  constant  almost  equal  to  one. 


To  complete  the  analysis,  further  definition  of  TD  and  Ty 
is  necessary.  The  torque,  Ty,  is  due  to  the  internal  motor 
windage  and  is  therefore  related  to  rotor  and  null  motion  as 
follows : 


V 


A  *  ®R  “  ^ 


(41) 


The  developed  motor  torque,  T^  is  related  to  and  I  as  follows 


T 


TD  =  V 


(42) 


The  motor  relationship  is: 
v 


=  ™  +  kb  <8r  -  V  +  Li 


(43) 


Taking  the  LaPlace  of  Equations (42)  and  (43)  then  solving  Equation 


(43)  for  I  and  substituting  into  Equation  (42)  yields  T^  as 
follows: 


=  K„ 


v  -  kb  (8rs  -  V> 


R  +  SL 


(44) 


Taking  the  LaPlace  Equation  of  (35),  (36)  and  (41)  and  substitu¬ 
ting  Ty  of  Equation  (41)  and  Tp  of  Equation  (44)  into  Equations 
(35)  and  (36)  provides  the  final  result: 


K-T  V,:.Kb„  le.RS.~„  V1  -  A  (8rS  -  eNS>  -  Tb  -  jbs28r  .  0 


R  +  SL 


(45) 


K-  V~KB  (0RS  ~  9NS)  -  T,  -  A  (flS  -  9  S)  -  T 
T  R  +  SI,  J  R  N  B 


(46) 


+  KS%  +  JNS  9N  "  ° 
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These  are  the  relationships  which  define  the  system  if 
compensation  is  not  used.  The  task  now  is  to  establish  the 
necessary  compensation.  This  comprises  part  two  of  the  analysis. 

Before  beginning  part  two,  it  is  necessary  to  establish 
the  ground  rules.  First,  the  basic  relationships  must  be 
linearized  because  linear  compensation  will  be  used.  Therefore, 
Tb,  the  internal  motor  frictional  torque,  will  not  be  considered 
at  this  time.  In  addition,  Ta  is  set  equal  to  zero  in  Equation 
(39)  because  the  compensation  will  apply  for  all  values  of 
Ta  including  the  zero  g  case.  Next,  motor  inductance  may  be 
eliminated  from  the  analysis  because  it  was  found  during  inves¬ 
tigations  to  create  a  corner  well  below  zero  db.  Each  of  these 
conditions  simplify  the  analysis  and  provide  the  desired  result. 
On  this  basis  then,  four  equations  are  written  as  follows: 

First  from  Equation  (38) : 


T  =  J  S20 
R  R 


Next  from  Equation  (39) : 


"  tm  jns  0n  +  ks®n 


(47) 


(48) 


Tm  is  found  to  be  the  difference  between  the  motor  torque  developed, 
Td,  and  the  loss  torque j  Tv  and  Tb-  Since  TB  was  set  to  zero: 


D 


V 


tm  =  V  -  (as8r  -  ASV 


Finally  from  Equation  (43)  with  L  -•  0: 


(49) 


V  =  IR  +  KbS9r  -  KBSSN  (50) 

Equations  (47)  through  (50)  can  now  be  manipulated  to 
isolate  the  various  parts  of  the  system  in  terms  of  transfer 
functions.  The  problem  now  is  to  develop  a  technique  which  can 
be  used  to  isolate  the  various  transfer  functions.  Examination 
of  the  physical  system  as  explained  in  a  previous  section  shows 
that  the  summing  junction  of  Figure  26  applies: 
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usk*. 


jr 


|! 

Ba 


I., 


The  term  Tg  is  the  spring  torque  related  as  shown.  This 
condition  is  detected  by  the  null  sensor  which  measurers  0N, 
applies  amplification  and  yields  a  voltage,  V,  proportional  to 

The  diagram  then  becomes  Figure  27. 

In  the  analysis,  Ta  was  assumed  tc  be  zero,  and  the  block 
diagram  becomes  Figure  28. 

If  the  loop  is  opened  at  the  sensor  and  the  transfer  function 
%/V  is  determined,  then  a  relationship  made  up  of  spring  and 
motor  parameters  exists. 

If  the  transfer  function  0n/TM  is  found  next,  it  can  be 
applied  to  0N/V  to  find  TM/V  as  follows: 


The  ratio  T  /V  represents  the  motor  transfer  function  and 
0n/Tm  the  springMtransfer  functions.  Therefore,  to  first  find 
0N/V,  Equations  (47)  and  (48)  are  equated  to  eliminate  T^.  Next, 
I  is  eliminated  by  manipulation  of  Equations  (49)  and  (50)  and 
the  result  contains  tM'  which  is  removed  by  equating  to 
Equation  (47) .  The  two  resulting  equations  contain  0^,  and  V, 

which  are  then  manipulated  to  eliminate  0R.  The  result  is  as 
follows : 


J  KS 
R  T _ 

Kg  (AR  +  KtKb) 


J_  JX_R 
R  N _ 

Kg  (AR  +  KtKb) 


_3  <V  V 

S  “V 


2  UR 

S  +  AR  +  KtK~  S  +  1 


If  the  system  numerical  values  are  applied  to  the  denomina¬ 
tor  and  the  cubic  solved  for  its  numerical  roots,  it  is  found 
that  for  J„  >  10JR,  the  term  (JR+JN)Kg  can  be  reduced  to  JN/Kg 
without  appreciably  affecting  the  results.  After  making  the 
substitution  J,j/Ks  for  (Jr+Jn)/Ks  and  factoring,  0N/'V  becomes: 


+  1)  ( 


S  +  1) 


L 
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Where : 


m 

Jk 


1/2 


co 


N  = 


Kc 


(54) 


'N 


cot  = 

A  +  KTKB 

JR  JRR 

(55) 

K  = 

jrkt 

Kg  (AR  +  KtKb) 

(56) 

Next,  the 

transfer  function  (?NAM  is  found  by  manipulating 

Equation 

(48)  as  follows: 

1 

%  = 

KS 

(57) 

^  S2  +  1 

Ks 

Or  from  Equation  (54) : 

= 

Ks 

(58) 

T. 


M 


1  S2  +  1 


co  m2 


The  motor  transfer  function,  TM/V,  can  now  be  found  as  previously 
explained.  The  result  is: 


_M  = 
V 


(59) 


Wi 


S  +  1 


Where : 


K 


M 


JRKT 


(60) 


AR  +  KK 
T  B 
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The  block  diagram  of  the  system  can  now  include  the  transfer 
functions  as  shown  by. Figure  29. 

Now  in  Figure  29,  the  term  represents  the  undamped 
natural  frequency  of  the  spring,  and  the  TM/V  term  represents 
motor  performance.  Each  of  the  applicable  parameters  were 
measured,  and  the  results  are  tabulated  below: 


K 


T 


K. 


B 


A 

J 


R 


'N 


K, 


R 


WN 


=  0.229  ounce- inch/ampere 

__  O 

=  1.618  x  10  volts/radian/second 

=  1.05  x  10~  ounce-inches/radian/second 

-5  2 

=  1.389  x  10  ounce- inches-second 

-4  ,2 

=  1.16  x  10  ounce-mches-second 

=  0.352  ounce-inches/radian  (2  springs) 

=  19  ohms 

=  1.48  radian/second 

=  54.93  radian/second 


Substituting  the  above  values  into  Equation  (52)  leads  to 
the  following  Bode  plot  shown  by  Figure  30. 

As  illustrated  by  Figure  30,  applying  gain  to  the  \ 
system  without  providing  compensation  Will  result  in  instability. 
With  sufficient  gain  the  plot  will  cross  zero  db  rolling  off  at 
-40  db /decade,  and  the  phase  shift  will  be  at  least  180  degrees. 
Such  a  gain  is  necessary  to  reduce  spring  effects,  and  compen¬ 
sation  is  necessary  to  achieve  null  stability.  Before  presenting 
the  compensation  technique,  sensor  information  is  provided. 

As  indicated  by  the  block  diagram  of  Figure  31,  the  null  sensor 
is  placed  between  the  spring  and  the  compensation  circuits.  The 
sensor  will  then  produce  an  output  voltage,  V,  in  response  to  a 
null  displacement,  6>N.  This  voltage  is  acted  on  by  the  compen¬ 
sation  to  produce  a  motor  voltage  which  results  in  a  motor 
torque  fed  back  to  the  torque  summing  function.  The  difference 
between  Ta  and  acts  through  the  spring  to  produce  #N.  The 
sensor  consists  of  a  pair  of  photo  diode?'  and  a  pair  of  LED's. 
Further  sensor  information  is  provided  in  the  next  section; 
however,  it  is  emphasized  here  that  for  stability  to  b<s  main¬ 
tained  once  compensation  is  applied,  the  sensor  gain  must  be 
linear.  This  is  because  the  sensor  contributes  to  the  total 
system  gain  which  in  turn  affects  stability. 
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Figure  29.  Uncompensated  Block  Diagram 
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Figure  31.  Compensated  Block  Diagram 


To  compensate  the  system,  first  an  integrator- lead  having  a 
corner  at  approximately  ^  was  used.  Though  the  system  can  be 
compensated  without  the  integrator-lead  term,  high  loop  gavn 
results  in  excessive  transmission  of  photo  diode  noise,  Th1^ 
compensation  feature  attenuates  the  photo  noise  and  permits  a 
high  sensor  gain  to  be  used.  A  Bode  sketch  of  the  integrator 
lead  is  shown  in  Figure  32. 

The  second  stage  of  compensation  consists  of  a  lead  with  a 
corner  wo  placed  prior  to  This  reduces  the  -40  db/decade 

slope  to  -20db/decade,  and  the  phase  shift  cannot  exceed  90 
degrees.  The  lead  sketch  is  shown  in  Figure  33. 

Fiqure  34  shows  a  total  open  loop  plot  of  the  sensor, 
hardware,  compensation  and  the  motor  driven  circuit.  The 
following  loop  gain  tabulation  for  each  portion  of  the  system 
is  given  in  support  of  the  Bode  plot  in  Figure  34. 


Comoonent 

Gain 

db 

V*S 

2.31  x  10"2 
rad-sec/volt 

-32.71 

Voltage  Source  Driver 

1.78  volts/volt 

5.0 

Lead  Compensation 

10.97  volts/volt 

20.8 

Integrator-Lead 

1.11  sec” 

0.94 

Compensation 

Torsion  Angle  Sensor 

200  volts/rad 

46.02 

The  product  of  the  ratios  is  100  (numeric).  This  is  40  db. 
The  sum  of  the  decibel  gains  is  40  db.  This  corresponds  to  a 
ratio  of  100  (numeric) . 

Referring  to  the  block  diagram  and  open  torque  loop 
f reeruencv  response  diagram,  the  lead  compensation  frequency, 
l  * ’approximately  one  Ictave  below  <V  affords  the  following 
stability  margins; 


Phase  margin  at  to 


n 


+42.73° 


Phase  margin  at  o> 


db 


+86 . 1° 


The  slope  of  -20db/decade  in  the  region  of  the  Odb  frequency 
implies  a  phase  margin  at  unity  gain  that  approaches  +90  degrees. 


iVf  ■ 
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i 


1 


100 


1,000 


10,000 


natoowcY  -  mvd/bbc 


u>^"  -  1.48  rad/sec  (0.235  Hz) 

(d2  =  24.9  rad/sec  (3.96  Hz) 
u>n"  "  54.9  rad/sec  (8.74  Hz) 
0)o^  =  720  rad/sec  (114.59  Hz) 


Figure  34.  Open  Torque  Loop  Frequency  Response 


The  720  radians/second  (114.59  Hz)  Odb  frequency  given  by  the 
open  torque  loop  frequency  response  diagram  implies  a  closed 
loop  bandwidth  (3db  down  frequency)  of  114.59  Hz  for  the  closed 
torque  loop  transfer  function,  TM/Ta.  This  corresponds  to  a 
10  to  90  percent  torque  rise  time  of  3.052  milliseconds  for 
Ta  step  inputs.  This  is  equivalent  to  a  time  constant  of 
1000/720  =  1.389  milliseconds  for  Ta  step  inputs.  The  closed 
loop  relationship  is  as  follows: 


=  0.99  (  24.9  s  +  1) _ 

Ta  (li^  S  +  1}  <7T  S  +  1}  (6S3  S  +  1} 


Because  the  product  of  the  first  two  terms  in  the  denom¬ 
inator  of  Equation  (61)  is  nearly  equal  to  the  squared  term  in 
the  numerator,  they  can  be  cancelled  to  simplify  the  relationship 
for  examination.  Equation  (61)  then  reduces  to: 


0.99 


663 


S  +  1 


(62) 


Treating  T  as  a  step  function,  the  time  relationship  is: 


0.99  (i  -  e  ~633t) 


(63) 


This  relationship  shows  that  in  response  to  Ta  the  system  will 
reach  95  percent  of  its  tracking  condition  in  about  4.7  milli¬ 
seconds.  When  the  system  is  in  the  tracking  mode,  the  motor 
torque  is  equal  to  0,99  Ta,  or  a  one  percent  error  exists 
because  the  desired  result  is  ,TM  =  T-.  This  error  can  be  cal¬ 
ibrated  by  increasing  the  null  meiss  by  one  percent,  or: 


Tm  =  1.01  Ta  (0.99)  =  Ta 


Earlier  in  this  section  it  was  stated  that  for  all  values  of 
Ta,  Tm  =  BTa  and  in  this  instance  B  =  0.99,  or  near  unity. 


(64) 


Based  on  the  above  information  calculations  indicate  the 
dynamic  range  of  the  system  to  be  ±50g.  As  an  example,  the 
following  calculated  parameters  for  50g  applied  are  presented: 

T  =  0.123  ounce-inches 

a 

T„  =  0.122  ounce-inches 

M 

0N  =  3.47  x  10  3  radians 

To  make  the  analysis  more  complete,  the  assumptions  made  earlier 
are  treated.  First,  to  simplify  the  analysis,  the  motor  induc¬ 
tance  was  not  considered.  In  the  block  diagrams  it  was  shown 
that  a  voltage,  V,  input  to  the  motor  will  result  in  a  torque, 
Tm,  output.  This  transfer  function  was  determined  to  be: 


M 


V 


V 


where : 

Km 


i 

‘i 


cJT  S  +  1 


(65) 


jrKt 


AR  + 

A 


Ktkb 


Vb 

jrr 


(66) 

(67) 


If  the  resistance  term,  R,  is  replaced  by  the  total  motor 
impedance  term,  R  +  SL,  the  inductance  effect  can  toe  examined. 
Following  substitution,  the  result  is: 


_M 

V 


(KT/L)  s 


s  + 


LJ* 


(RA  +  K^g) 


(68) 


Equation  (68)  shows  that  two  roots  exist  in  the  denominator 
rather  than  one  as  seen  in  Equation  (65).  To  find  these  roots, 
the  numerical  values  given  previously  and  1  x  10"^  henry  for 
the  inductance  are  used.  The  roots  are: 


1.473  radians/second 


(69) 


1.9  x  !05 


radians/second 


(70) 


The  corner  at(oj_  is  the  same  as  before.  The  additional  corner 
due  to  the  inductance  is  more  than  2  decades  above  the  zero  db 
crossing  as  seen  in  Figure  34.  Therefore,  this  corner  is  not 
significant  with  regard  to  stability. 

To  examine  the  assumption  that  Ta  =  0,  Equation  (39)  is 
rewritten  below: 


Ta  “  TM  Vn  +  KS0N 


(71) 


Using  LaPlace,  Equation  (71)  becomes: 

Ta  ”  TM  -  ‘V*  +  V 


or: 


e 


N 


T  -  T 
Aa  M 


(72) 


(73) 


This  relationship  results  in  the  summing  junction  illustrated 
by  Figure  35. 


Figure  35.  Summing  Junction  -  General  Case 


This  is  the  condition  used  in  the  previously  presented  block 
diagrams.  It  represents  the  general  case.  Use  of  the  general 
case  equation  (Ta  =  0)  would  have  complicated  the  compensation 
procedure  considerably. 

The  remaining  assumption  was  that  the  internal  motor  Coulomb 
functional  torque,  TB,  equals  zero.  It  is  clear  that  /  0; 
however,  Tt>  is  nonlinear  and  therefore  not  easily  treated  by 
linear  compensation  techniques.  TB  is  applied  to  the  rotor  in  a 
direction  which  tends  to  cause  deceleration.  TB  is  also  applied 
to  the  null/stator  but  in  the  direction  which  results  in  greater 
motor  torque,  thus  offsetting  the  deceleration  effect.  Transient 
effects  due  to  changing  TB  are  probably  similar  to  changing  Ta, 
but  this  was  not  confirmed. 

To  summarize  this  section,  it  is  necessary  to  indicate  that 
the  compensation  presented  was  the  final  compensation  design 
approach.  Several  other  techniques  were  attempted  by  altering 
the  location  of  corners  and  gain.  This  was  accomplished  by 
alterinq  both  electrical  and  mechanical  parameters.  These 
investigations  were  conducted  to  eliminate  electrical  noise  and 
stray  corners  which  caused  system  oscillations.,  It  should  be 
emphasized  that  the  analysis  indicates  the  system  has  the 
capability  of  responding  to  large  and  small  levels  of  acceleration 
at  high  accuracy.  The  difficulties  encountered  stemmed  primarily 
from  hardware  implementation.  This  is  discussed  in  greater 
detail  in  the  next  section. 


SECTION  XII 


FINAL  PROTOTYPE  DESIGN 


The  final  prototype  design  can  best  be  understood  by 
describing  the  various  problems  which  were  encountered  during 
the  program.  These  problems  led  to  the  final  design  configura¬ 
tion  and  therefore  provide  a  more  comprehensive  picture  of  the 
system.  The  reader  is  reminded  of  the  basic  objectives  which 
were  defined  in  the  motor  evaluation  section  of  this  report. 

These  objectives  included  the  formulation  of  an  SSS  design  having 
large  g  sensing  capability  at  high  accuracy,  low  cost,  low  power 
consumption  and  minimum  envelope.  As  will  be  shown,  the  final 
prototype  will  sense  a  large  g  range  an<^  the  power  consumption 
is  considerably  less  than  the  breadboard  and  preliminary  proto¬ 
types,  but  it  did  not  meet  the  original  expectations.  The  space 
consumed  is  the  same  as  the  first  two  prototypes,  and  high  accu¬ 
racy  is  indicated  from  testing  but  was  not  substantiated.  In 
addition,  the  cost  of  this  system  as  it  evolved  will  be  larger 
than  the  other  systems.  However,  additional  work  which  is 
explained  later  should  improve  this  situation.  The  system  des¬ 
cription  presented  below  will  provide  the  rationale  for  the 
above  statements.  The  principle  source  of  the  design  problems 
was  t.he  sensor  which  is  discussed  first. 

As  stated  earlier,  system  stability  can  be  achieved  only 
if  sensor  gain  is  linear  in  the  normal  region  of  null  operation. 

A  single  photo  diode  and  LED  pair  as  used  in  the  first  two  proto¬ 
types  does  not  produce  the  desired  response  due  to  the  variations 
in  LED  light  intensity  in  the  cross  section.  In  other  words,  the 
light  cut  off  by  the  shutter  will  not  be  la  near  with  null  dis¬ 
placement.  It  was  found  that  linearity  can  be  achieved  over  the 
desired  range  of  0  by  employing  two  pairs  of  LED's  and  photo 
diodes  if  a  common  mode  rejection  technique  is  used.  That  is, 
a  photo  diode  is  connected  to  each  input  (inverting  and  non- 
interting)  of  an  operational  amplifier.’  Meanwhile,  the  shutter 
is  designed  to  expose  one  diode  while  the  other  is  being 
shuttered.  A  curve  of  the  result  is  shown  in  Figure  36. 

It  was  found  that  any  unbalance  in  the  rotor  or  the  appli¬ 
cation  of  external  vibration  causes  an  unwanted  displacement  of 
the  motor  relative  to  the  springs.  This  displacement  is  detec¬ 
ted  by  the  sensor  and  is  mistaken  for  T  .  To  solve  this  problem, 
one  photo  diode/LED  pair  is  mounted  on  each  side  of  the  motor  as 
shown  in  Figure  37. 


Figure  37  illustrates  that  with  the  two  pairs  connected  in 
common  mode,  a  vertical  displacement  of  the  shutter  (which  is 

part  of  the  motor)  will  be  cancelled  Provided  ^pair! -° 

L.  _a ire  are  matched.  It  is  difficult  to  match  the  pairs, 

however ,  appropriate  performance  can  edT^sa^ans' 

•  TFn  current  which  varies  the  light  output.  inis  mean* 

ttat  a  cur?eSmntroicircuit  is  necessary  and  represents  an 

unforeseen  addition  to  the  syst®ra-  .“ts5°UfchJnSe  in  sensor 
horizontal  displacement  does  not  result  1  „ertical  dis- 

performance;  therefore,  only  compensation  for  vertical 

placement  is  necessary . 

A  second  problem  encountered  in  the .“^^“te^inlls. 
operational  amplifier  result  m  ;  x.hp  svstem  operates 

in^a^closed  loop*mode?*this  electrical  coupling 

lem,  it  is  necessary  to  attenuate  the  motor  v  close  to 

the  photo  diode/LED  pair,  JL  the  feedback  of  any  other 

the  motor.  In  addition,  to  P  .ft  shielding  was  needed 

unwanted  signals  into  the  sen  lavout  which  evolved  as  a 

as  well.  Figure  38  shows  the  basic *^4  represents  the  basic 
result  of  sensor  investigation.  ,  .  m  Item  25  is  the  sensor 

superstructure  which  is  machined  superstructure.  This  cavity 

a^aluminum  ^tlTo'^plete  the  shielding. 

Because  one  side  of  the 

be  used  to  form  the  shutter  or  flag  <«-  £« ied  intS  cavities 
LED  pairs  (Items  11,  13,  9  ana  i  >  position  shown.  This 

machined  in  the  superstructure  in  the  posrtio  sitates  a 

arrangement  provides  the  necessary  shielding 
reasonably  complex  structure  design.. 

Photo  diode  noise  represents  a  J®aa°onal°aiplif ie?s" 

tered.  This  noise  causes  saturation  P  The  noise  is  attenu- 

and  therefore  destroys  ^Jtem  per  however,  further  attenu¬ 
ated  to  some  degree  by  the  integrator,  nowe^  source. 

ation  is  necessary  or  the  noise  must  be^r educ ,  oufcpat) 

It  was  found  that  an  or  stage  but  does  not  appreciably 

increases  the  gain  of  the  se^s?  JLh  the  noise  and  the. gain 
affect  the  noise.  This  means  that  output  voltage  fol- 

can  be  attenuated  by  attenuating  the  ^fis°^Pundesirable 

fe^L^ca^rifreguires^the  consumption  of  greater  power. 
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Figure  38.  Top  View  of  Final  Prototype 
.  Superstructure  Assembly 
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Motor  rotor  displacement  is  the  analog  of  missile  distance 
traveled.  A  means  must  be  provided  to  count  the  number  of  revo¬ 
lutions  made  by  the  member.  To  accomplish  this,  a  photo  tran- 
sistor/LED  pair  along  with  a  shutter  is  used  in  a  manner  similar 
to  that  used  in  the  first  two  prototypes.  Figure  39  depicts 
these  elements.  Item  6  is  the  photo  transistor  and  Item  2  is 
the  LED.  Item  7  serves  as  the  shutter  as  well  as  a  flywheel. 

Two  pulses  are  provided  for  each  rotor  revolution  due  to  the 
shutter  blanking  twice  each  turn.  Close  examination  of  the  equa¬ 
tions  presented  previously  indicates  that  the  effect  of  spring 
deflection  can  be  reduced  for  large  JR.  During  investigations, 
it  was  found  that  temperature  changes  resulted  in  unwanted  spring 
deflections.  This  destroys  calibration  and  causes  a  drift  in 
system  performance.  To  reduce  the  effects  of  spring  deflection, 
the  rotor  moment  of  inertia  was  increased  by  adding  the  flywheel 
shutter.  Note  that  the  rotor  moment  of  inertia,  J  ,  appears  as 
a  gain  term  in  the  forward  path  of  the  loop;  therefore,  increas¬ 
ing  the  moment  of  inertia  increased  the  loop  gain.  To  restore 
the  gain  to  its  former  level,  the  integrator  gain  was  adjusted. 
This  also  reduced  the  electronic  noise  in  the  system. 

In  order  to  formulate  a  stable  system,  both  positive  and 
negative  supply  voltages  are  required  for  driving  the  sensor, 
compensation  stages  and  motor  drive  circuit.  It  was  originally 
planned  to  split  the  23-volt  source  into  two  parts  with  a  float¬ 
ing  ground  to  provide  ±14  volts  relative  to  the  electronics; 
however,  as  the  design  progressed,  it  was  necessary  to  form  sep¬ 
arate  supplies  operating  about  ground.  This  was  necessary  to 
ensure  electronic  circuit  stability.  The  final  result  included 
use  of  voltage  regulators  to  produce  ±18  volts  and  ±12  volts. 
These  are  mounted  on  the  side  of  the  structure  as  shown  in  Fig¬ 
ure  38,  Items  20  through  23.  In  addition,  two  motor  drive  tran¬ 
sistors  are  mounted  on  the  structure,  Item  3,  for  heat  sinking 
purposes.  Although  considerable  difficulty  was  experienced  in 
the  heat  effects  on  the  springs,  there  was  no  other  area  where 
these  transistors  could  be  sinked  within  the  assembly. 

With  regard  to  heat  effects  on  the  springs,  this  is  an 
unsolved  problem.  Although  emphasis  was  placed  on  the  spring 
mounting  procedure,  the  calibration  is  affected  by  temperature 
changes.  To  ensure  structure  spring  hole  cavity  alignment, 
drilling  was  accomplished  with  one  drill  pass.  It  is  clear, 
however,  that  the  procedure  for  mounting  the  springs  onto  the 
motor  could  be  improved. 


The  remaining  system  circuits  are  contained  on  three  printed 
circuit  boards  mounted  atop  the  structure  in  a  manner  similar  to 
that  used  in  the  first  two  prototypes.  The  assembly  is  then 
placed  into  the  same  size  and  configuration  can  as  used  in  the 
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Figure  39.  Rotor  Revolution  Sensing  Detail 
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Figure  39.  Rotor  Revolution  Sensing  Detail  (Concluded) 


H 


first  two  orototypes .  Figure  40  depicts  the  general  layout  of 
the  system.  This  concludes  the  description  of  the  basic  assem¬ 
bly.  Operation  of  the  system  is  presented  in  greater  detail  in 
Section  XIII. 
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SECTION  XIII 


FINAL  PROTOTYPE  CIRCUIT  FUNCTIONAL  DESCRIPTION 


This  section  presents  a  functional  description  of  the  final 
prototype  SSS .  The  circuit  schematic  is  shown  in  Figure  41  and 
will  be  used  in  this  discussion.  For  purposes  of  explanation, 
the  circuit  is  divided  into  seven  parts  as  follows: 

•  Sensor 

•  Compensation 

•  Motor  Drive 

•  Current  Switch 

•  Revolution  Sensor 

•  Counter  Logic 

•  Power  Supplies 


Each  part  is  discussed  in  a  separate  subsection. 


Sensor  Circuit.  The  sensor  circuit  consists  of  operational 
amplifier  ARl,  LED's  1  and  2,  photo  diodes  PDl  and  2,  and  asso¬ 
ciated  components.  This  circuit  functions  as  a  current  to  volt¬ 
age  converter.  The  algebraic  sum  of  the  cwo  photo  diode  reverse 
currents  flow  into  or  out  of  the  input  to  the  amplifier,  which 
employs  the  inverting  input  terminal.  Feedback  resistor  Rl  con¬ 
verts  the  resultant  photo  diode  current  into  a  dual  polarity 
output  voltage.  Due  to  the  high  input  impedance  of  the  opera¬ 
tional  amplifier,  the  current  flow  is  very  small,  and  the  volt¬ 
age  swing  at  the  input  to  the  input  terminal  is  also  small. 

This  is  the  reason  the  sensor  amplifier  presents  a  dynamic  short 
circuit  load  for  photo  diode  reverse  current.  This  circuit 
approach  provides  a  highly  linear  output  as  explained  in  Section 
XII.  The  output  of  the  sensor  is  fed  to  the  first  stage  of 
compensation  circuits  which  begin  at  R4. 

Compensation  Circuits.  The  compensation  circuits  consist 
of  two  stages  made  up  of  operational  amplifiers  AR2  and  AR3 . 
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The  first  compensation  stage  is  an  integrator  lead  whose  pur¬ 
pose  was  explained  in  Section  XII.  To  provide  an  offset  bal¬ 
ance,  variable  resistor  R9  is  provided.  The  effect  of  this 
pot  is  the  same  as  introducing  a  Ta  into  the  system;  therefore, 
mechanical  or  electrical  offsets  can  be  balanced  out  of  the 
system  by  this  means.  If  the  system  is  placed  in  a  zero  g 
condition,  this  pot  is  adjusted  until  the  motor  runs  at  constant 
velocity;  if  the  system  is  then  reset  and  restarted,  the  motor 
will  not  run  in  correct  response  to  zero  g.  The  system  can 
then  be  run  at  the  desired  a  level.  Because  this  is  an  inte¬ 
grator  circuit,  capacitor  C7  will  retain  its  charge  unless 
shunted.  This  is  the  purpose  of  the  bridge  circuit  which 
shunts  RlO  and  C7 .  The  two  bridges  shown  on  the  schematic 
(Figure  41)  represent  a  reset  system  and  will  be  explained 
later. 

The  second  compensation  stage  consists  of  the  lead  circuit 
whose  purpose  was  explained  in  Section  XII.  Because  it  is  a 
lead,  a  high-frequency  amplifier,  AR3 ,  has  been  used  (uA715HC) . 
This  stage  drives  the  motor  drive  circuits. 

Motor  Drive  Circuits.  The  motor  drive  circuits  consist  of 
operational  amplifier  AR4  and  transistors  Q4  through  Q9.  AR4 
drives  the  transistor  circuit,  which  in  turn  drives  the  motor. 
Motor  voltage  is  fed  back  through  R37  to  the  operational  ampli¬ 
fier  to  set  the  gain  of  the  stage.  This  is  a  two  sided  circuit, 
i.e.,  one  of  the  two  polarities  can  be  provided  to  the  circuit 
in  response  to  positive  or  negative  g.  Although  the  motor  is  a 
6-volt  device,  the  circuit  can  provide  a  ± 18-volt  supply  across 
it  for  short  periods.  This  approach  was  used  to  offset  the 
effect  of  motor  back  emf,  which  would  otherwise  reduce  the 
torque  capability  of  the  motor  at  high  RPM.  To  supply  suffi¬ 
cient  drive,  operational  amplifier  AR4  is  driven  by  a  ±18-volt 
supply;  and  to  compensate  for  voltage  drop  in  the  transistor 
circuit,  this  circuit  uses  a  +24-volt  supply.  Diodes  CR22 
through  CR27  eliminate  crossover  distortion  and  therefore  re¬ 
quire  a  bias  current  source  consisting  of  Q4,  Q9  and  associ¬ 
ated  circuits.  The  combination  of  gains  for  each  of  the  tran¬ 
sistor  stages  permits  the  operational  amplifier  to  drive  the 
circuit;  otherwise,  distortion  would  result  to  introduce  an 
unstable  condition  ih  the  loop. 

Current  Switch  Circuit.  This  circuit  is  controlled  by 
AR5A,  a  voltage  comparator,  and  associated  components  which 
include  among  other  parts  CRl  through  CR4  and  CR17  through 
CR20.  Each  of  these  sets  of  four  diodes  forms  a  diode  ring 
which  shunts  an  operational  amplifier  feedback  impedance. 
Operation  is  as  follows: 


When  the  ENABLE  is  a  logic  level  1,  the  current  source 
consisting  of  circuits  made  up  of  transistors  Ql  through  Q3 
and  associated  components  is  off.  In  this  event,  resistors 
r24  and  R25  reverse  bias  the  ring  or  bridge  diodes,  and  they 
are  effectively  removed  from  the  circuit.  In  this  instance 
the  entire  circuit  is  free  to  function  as  designed. 

When  the  ENABLE  is  a  logic  zero,  the  current  source  is 
turned  on,  and  all  eight  diodes  are  forward  biased.  The  effec¬ 
tive  result  is  that  the  feedback  for  AR2  and  the  driver  stage 
is  a  short  circuit  in  series  with  a  zero  volt  generator.  Thus 
the  output  of  each  stage  is  zero.  The  basic  purpose  of  these 
circuits  is  to  ensure  that  the  integrator  charge  is  removed 
and  that  the  motor  is  not  running  due  to  ah  offset  condition. 

On  this  basis,  the  system  loop  can  be  controlled  by  a  single 
enable  input  from  the  ICP. 

Revolution  Sensor.  The.  rotor  sensor  signal  is  formed  by 
LED  3  and  photo  transistor  1  and  the  rotor  shutter  as  previ¬ 
ously  explained.  Output  of  this  circuit  is  characterized  by 
slow  rising  and  falling  leading  and  trailing  signals,  respec¬ 
tively.  Therefore,  to  shape  these  in  a  form  acceptable  to  the 
counters,  a  voltage  comparator,  AR5B,  is  used.  The  relation¬ 
ships  between  the  comparator  output  and  the  counters  are  the 
same  as  in  the  first  two  prototypes.  When  the  final  arm  output 
at  Pin  7  of  ICl  goes  low  at  the  selected  range,  AR5B  is  disabled, 

Counter  Logic.  The  counter  logic  consisting  of  ICl  through 
IC4  is  the  same  as  that  used  in  the  first  two  prototypes. 

Power  Supplies .  The  ±18  and  112-volt  supplies  are  formu¬ 
lated  by  regulators  MC7918  and  MC7812,  respectively.  These 
regulators  provide  low  output  impedance  sources  for  the  opera¬ 
tional  amplifier  to  ensure  electronic  stability.  Each  of  the 
circuits  except  the  logic  are  driven  by  a  ±24~VDC  source  from 
the  ICP.  A  +15-volt  source  from  the  ICP  powers  the  logic  cir¬ 
cuits.  It  should  be  noted  that  the  source  current  for  LED  1 
and  LED  2  is  adjustable  by  means  of  resistor  Rx.  This  feature 
is  provided  to  set  the  gain  of  the  sensor  stage. 

The  circuit  described  above  is  significantly  more  complex 
than  was  originally  anticipated.  Due  to  the  difficulties  ex¬ 
perienced  in  formulation  of  the  design,  no  effort  was  made  to 
simplify  it  within  the  scope  of  the  present  program.  Several 
changes  may,  however,  be  made  to  simplify  the  circuit.  First, 
if  the  power  is  removed  from  the  system  and  applied  at  the 
start  of  a  run,  the  integrator  and  drive  circuit  feedback 
bridges  and  associated  components  may  be  eliminated.  These 
circuits  were  used  to  allow  repeated  runs  for  demonstration 
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purposes .  Second,  if  the  rotor  moment  of  inertia  is  increased 
to  reduce  the  velocity,  less  voltage  will  be  necessary  and  a 
common  source  may  be  used.  This  will  eliminate  two  regulators 
and  will  simplify  the  output  drive  circuit.  It  may  also  be 
possible  to  combine  the  compensation  circuits  into  a  single 
stage  or  combine  the  sensor,  compensation  and  drive  circuits 
into  a  single  stage.  During  the  investigation,  a  common  compen¬ 
sation  stage  was  designed,  and  it  provided  the  desired  response. 
This  effort  was  conducted  at  a  time  when  various  oscillations 
were  being  removed  from  the  system  as  explained,  separation  of 
the  stages  was  necessary  to  find  the  sources  of  oscillation  and 
having  solved  these  problems,  the  functional  circuit  was  used. 


SECTION  XIV 

FINAL  PROTOTYPE  TESTING 


Final  prototype  testing  was  conducted  at  room  ambient,  low 
and  high  temperatures.  In  addition  to  these  complete  functional 
tests,  numerous  other  tests  were  accomplished  to  characterize 
various  design  problems.  These  problems  were  in  two  areas: 
electronic  oscillations  and  spring  design.  To  provide  the  back¬ 
ground  for  interpretation  of  the  functional  data,  a  discussion 
of  the  problem  areas  follows. 

Following  the  analytical  calculations  which  led  to  the  com¬ 
pensation  techniques  described  in  Section  XII,  the  circuits  were 
designed  and  breadboarded  for  check  out.  Considerable  difficulty 
was  encountered  with  the  lead  compensation  circuit.  Despite  num- 
erous  layout  techniques,  this  circuit  oscillated.  Open  loop 
testing  of  the  /xA715  operational  amplifier  was  conducted  to  con¬ 
firm  the  manufacturer's  frequency  response  data.  It  was  found 
that  the  open  loop  response  was  power  supply  voltage  level  depen¬ 
dent  and  that  additional  poles  existed  slightly  beyond  the  manu¬ 
facturer's  reported  data.  Other  operational  amplifiers  were 
tested  and  similar  results  were  found.  The  /rA715  was  selected 
because  its  open  loop  response  more  closely  matched  the  desired 
result  when  the  supply  voltage  was  increased  and  a  lower  stage 
gain  was  used.  Following  several  layout  designs  and  careful 
selection  of  passive  parts,  the  oscillations  were  corrected  and 
the  desired  closed  loop  frequency  response  achieved.  It  should 
be  noted  that  the  use  of  carbon  resistors  resulted  in  oscilla¬ 
tions  and  metal  film  types  were  successfully  substituted. 

Following  achievement  of  successful  performance  of  the  indi¬ 
vidual  parts  of  the  loop,  the  loop  was  closed  to  checkout  the 
system.  Again,  oscillations  persisted.  The  loop  was  opened  at 
selected  points  and  numerous  frequency  response  data  were  taken. 
In  general,  the  open  loop  empirical  results  matched  the  analyti¬ 
cal  predictions;  however,  several  observations  were  made.  First, 
it  was  found  that  when  the  loop  was  closed,  the  voltage  at  the 
motor  was  capacitively  coupled  to  the  nearby  sensor  circuits. 
Attempts  to  electrically  isolate  these  two  parts  of  the  design 
proved  to  be  difficult  because  of  their  close  proximity  and  the 
need  to  transmit  sensor  light  for  proper  null  detection.  The 
problem  was  finally  solved  by  using  a  metal  null  shutter  and 
eliminating  direct  path  coupling.  Physically,  this  amounted  to 
shielding  the  sensor  stage,  amplifier ,  its  leads  and  the  photo 
devices  while  permitting  light  transmission.  It  should  be 
emphasized  that  breadboarding  of  the  system  is  difficult  because 
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of  the  shielding  problem.  It  was  necessary  to  fabricate  several 
mounting  designs  to  achieve  the  correct  orientation  of  parts. 

The  second  closed  loop  oscillation  found  was  due  to  verti¬ 
cal  spring  motion.  As  the  motor  rotor  velocity  increased  during 
a  test,  any  inbalance  in  that  member  resulted  in  a  slight  dis¬ 
placement  at  the  springs.  This  deflection  was  detected  by  the 
null  sensor  and  processed  in  the  same  manner  as  T  .  Because  of 
the  sensor  orientation,  only  the  vertical  component  was  detected, 
and  this  appeared  within  the  loop  as  a  sinusoid.  The  problem 
was  solved  by  using  two  photo  sensor  pairs,  one  on  each  side  of 
the  motor.  These  sensors  were  then  connected  to  the  amplifier 
such  that  angular  motion  (in  response  to  T  )  was  sensed,  and 
vertical  displacement  was  subtracted.  That  is,  vertical  dis¬ 
placement  was  detected  as  a  positive  signal  by  one  sensor  pair 
and  negative  by  the  other  sensor  pair.  If  properly  calibrated, 
the  vertical  displacement  is  thus  eliminated  from  the  electrical 
signals.  Because  of  the  unmatched  photo  parameters,  it  was 
necessary  to  provide  a  calibration  circuit  which  permitted 
adjustment  of  the  .urrent  through  each  sensor.  In  the  third 
area,  considerable  electrical  noise  was  generated  by  the  photo 
diodes.  This  noise  was  large  enough  to  cause  saturation  of  the 
operational  amplifiers  and  therefore  destroyed  loop  performance. 
It  was  found  during  testing  that  the  sensor  gain  could  be 
increased  by  increasing  the  LED  bias  current  without  increasing 
the  noise  content.  This  permitted  the  amplified  signal  to  be 
attenuated,  thereby  reducing  the  noise  level  and  restoring  the 
stage  gain. 

After  all  oscillations  were  eliminated  and  the  noise  reduced 
to  an  acceptable  level,  frequency  response  data  were  taken  and 
found  to  be  consistent  with  the  analytical  results  presented  in 
Section  XII.  It  should  be  emphasized  that  closed  loop  perform¬ 
ance  was  excellent,  that  is,  null  stability  was  achieved  in 
accordance  with  the  initial  objectives. 

Before  conducting  centrifuge  and  environmental  testing,  it 
was  necessary  to  calibrate  the  system  and  confirm  proper  1  g  per¬ 
formance.  The  system  is  designed  such  that  when  placed  in  a  0  g 
condition,  the  sensor  output  voltage  is  0,  thus  resulting  in 
0  motor  voltage.  Because  the  null  sensors  are  mounted  to  the 
mechanical  frame,  the  springs  must  be  adjusted  on  a  rotational 
basis  until  the  sensor  output  voltage  is  0.  This  is  a  difficult 
process  because  the  sensor  gain  is  very  large  and  a  very  slight 
spring  angular  offset  results  in  a  substantial  sensor  voltage 
output.  These  springs  are  somewhat  delicate  and  easily 
destroyed;  therefore,  they  cannot  be  readily  subjected  to  a 
press  fit.  The  mounting  holes  are  designed  to  permit  adjustment 
by  means  of  a  set  screw.  Because  there  are  2  springs,  calibra¬ 
tion  may  result  in  1  of  3  conditions.  First,  both  springs  are 


at  their  0  deflection  point.  Second,  1  spring  may  be  offset, 
which  is  an  incorrect  calibration.  Third,  each  spring  is  offset 
but  in  opposing  directions  such  that  sensor  output  voltage  is  0. 
Any  of  these  conditions  may  exist  following  set  screw  tightening; 
therefore,  a  potentiometer  is  placed  at  the  integration-lead 
compensation  stage  input  to  zero  the  spring  offset  effect.  The 
net  result  of  this  calibration  process  is  that  the  motor  voltage 
can  be  adjusted  to  0  when  the  system  is  subjected  to  0  g .  If 
the  motor  is  running  during  this  calibration,  the  potentiometer 
is  adjusted  until  motor  velocity  remains  constant.  Then  if  the 
system  is  shut  off  and  restarted,  the  motor  voltage  should  be  0. 
Adjustment  of  the  potentiometer  is  effective,  but  system  changes 
occur  rapidly  and  recalibration  is  necessary. 

The  1  g  data  shown  in  Table  12  is  representative  of  system 
performance  following  calibration.  Examination  of  the  time 
column  shows  erratic  performance  and  a  general  reduction  in  time 
as  the  run  number  increases.  In  addition,  between  runs,  the 
system  was  placed  in  a  0  g  condition  and  the  motor  accumulated 
velocity,  thereby  indicating  that  a  change  had  taken  place  in 
the  calibration. 

To  examine  this  problem,  the  integrator  lead  circuit  input  was 
grounded,  thereby  simulating  a  0  sensor  output.  The  potentiom¬ 
eter  was  also  adjusted  until  the  motor  voltage  was  0.  Resulting 
drift  was  negligible,  thereby  indicating  that  the  problem  was 
either  in  the  sensor  stage  or  the  springs.  Next,  the  null  was 
clamped  to  fix  the  sensor  shutter.  This  removed  the  springs  from 
the  problem  and  the  sensor  output  voltage  remained  constant,  thus 
indicating  that  the  problem  was  related  to  the  spring.  To  con¬ 
firm  this,  the  system  was  placed  in  a  static  condition  with 
power  applied  only  to  the  sensor  stage.  Sensor  output  voltage 
was  then  monitored  for  several  hours,  and  an  approximate  expo- 
nental  drift  occurred.  This  test  was  repeated  several  times 
with  different  springs,  and  the  results  were  similar. 

The  drift  observed  above  was  believed  to  be  related  to 
spring  migrations  caused  by  temperature  gradients.  Such  temper¬ 
ature  conditions  were  thought  to  be  the  result  of  mounting  power 
transistors  near  one  of  the  springs.  The  transistors  were 
removed  and  t’  =;  static  test  repeated.  This  reduced  the  drift 
considerably  but  failed  to  eliminate  it.  It  was  therefore  con¬ 
cluded  that  the  basic  drift  was  probably  due  to  physical  stress 
resulting  from  the  mounting  process  and  aggravated  by  tempera¬ 
ture  extremes. 

Consultation  with  the  spring  manufacturer  failed  to  produce 
additional  spring  or  mounting  information.  The  mounting  tech¬ 
nique  being  used  was  consistent  with  one  of  the  manufacturer  s 


TABLE  12.  lg  RUN  DATA  AT  ROOM  AMBIENT  TEMPERATURE 


Run 

jmber 

Range 

Sotting 

(Feet) 

Time 
(Sec . ) 

Actual 

Range 

(Feet) 

Range 

Error 

(Feet) 

Range 

Error 

(Percent) 

1 

10 

00 

7.733 

961.99 

-38.009 . 

-3.801 

2 

7.997 

1028.8 

•28.796 

+2.880 

3 

7.713 

957.02 

-42.979 

-4.298 

4 

7.531 

912.39 

-87.610 

-8.761 

5 

7.390 

878.54 

-121.46 

-12.15 

6 

7.289 

854.69 

-145.31 

-14.53 

7 

7.328 

863.87 

-136.13 

-13.61 

8 

7.288 

854.46 

-145.54 

-14.55 

9 

7.258 

847.44 

-152.56 

-15.26 

10 

7.341 

866.93 

-133.07 

-13.31 

11 

7.380 

876.17 

-123.83 

-12.38’ 

12 

7.380 

876.17 

-123.83 

-12.38 

13 

7.327 

863.63 

-136.37 

-13.64 

14 

7.566 

920.89 

-79.110 

-7.911 

15 

7.567 

921.13 

-78.867 

-7.887 

16 

7.302 

8  5  7 ;  7  5 

-142.25 

-14.23 

17 

7.577 

923.57 

-76.430 

-7.643 

18 

7.611 

931. 88 

-68.123 

-6.812 

19 

7.282 

853.05 

-146.95 

-14.69 

20 

7.250 

845.57 

-154.43 

-15.44 

21 

7.305 

858.45 

-141.55 

-14.15 

22 

7.451 

893.11 

-106.89 

-10.69 

23 

1C 

>00 

7.675 

947.61 

-52.385 

-5.239 
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recommended  designs.  Because  the  motor  will  transmit  heat  to 
the  springs  and  environmental  temperature  changes  will  occur, 
relocating  the  transistors  was  not  accomplished. 

To  find  a  solution  to  the  drift  problem,  the  various  obser¬ 
vations  were  re-examined  and  the  following  conclusions  made. 
First,  reduced  drifts  was  observed  if  the  springs  were  lightly 
held.  Second,  performance  was  much  less  erratic  on  occasion, 
thereby  indicating  that  a  tightly  held  spring  is  less  susceptible 
to  location  changes  due  to  the  application  of  motor -torque  or 
outside  forces  such  as  shock  or  vibration.  Table  13  contains 
data  taken  from  27  consecutive  runs.  Assuming  a  calibration 
error  of  48  percent,  the  variational  error  (repeatability)  seen 
is  quite  small  (  1  percent) .  This  indicates  that  with  moderately 
tight  spring  mounting,  the  device  will  perform  reasonably  well. 

To  provide  further  temperature  data,  the  device  was  subjec¬ 
ted  to  -65°F  and  +160°F.  While  at  the  low  temperature,  the 
device  was  run  25  times,  and  the  resulting  data  are  shown  in 
Table  14.  Here  again,  assuming  a  53  percent  calibration  error 
due  to  drift  during  the  soaking  period,  the  variational  or 
repeatability  error  is  reasonably  small  at  3.4  percent.  This 
data  is  similar  to  that  taken  at  ambient  temperature.  Attempts 
to  conduct  temperature  testing  at  +160°F  failed  because  binding 
occurred  between  the  rotor  and  the  bearings.  This  problem  could 
not  be  corrected  because  the  basic  motor  construction  prohibited 
disassembly.  No  further  attempt  was  made  to  conduct  high  temper¬ 
ature  tests. 

To  summarize  the  drift  problem,  no  solution  was  found  and 
further  investigations  were  beyond  the  scope  of  the  program.  It 
is  believed  however,  that  the  problem  can  be  corrected  by  2 
approaches.  First,  a  spring  and  mounting  study  should  yield  the 
most  favorable  design  and  assembly  procedure.  Second,  various 
changes  in  other  system  parameters  can  be  accomplished  to  permit 
a  larger  offset  level.  For  example,  a  large  1  g  T  accompanied 
by  a  larger  rotor  moment  of  inertia  will  improve  offset 
situations. 

It  was  mentioned  earlier  that  the  springs  were  delicate  and 
easily  damaged.  This  problem  was  primarily  due  to  fatigue  and 
repeated  handling.  However,  during  this  portion  of  the  program, 
approximately  25  springs  were  damaged  or  otherwise  rejected 
because  of  incorrect  operating  parameters  or  visual  defects. 

For  example,  a  very  non-linear  effect  was  observed  as  a  spring 
was  moved  from  positive  deflection  through  0  to  negative  deflec¬ 
tion.  The  spring  manufacturers  refer  to  this  condition  as  hys¬ 
teresis.  In  many  springs  hysteresis  was  negligible;  however, 
it  was  quite  prominent  in  others.  On  the  basis  of  these  types 
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Number 
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TABLE  13.  DATA  FOR  CONSECUTIVE  lg  RUNS  AT 
ROOM  AMBIENT  TEMPERATURE 


Range 

Setting 

(Feet) 


Time 
(Sec. ) 


Actual 

Range) 

(Feet) 


Range 

Error 

(Feet) 


Range 

Error 

(Percent) 


Varia¬ 

tional 

Range 

Error 

(Percent) 


5.672 

5.703 

5.722 

5.716 

5.700 
5.675 

5.701 
5.736 
5.674 


5.692 


5.693 

5.664 

5.699 

5.696 

5.660 

5.679 


5.695 


5.677 

5.663 

5.636 

5.646 

5.646 

5.662 

5.691 

5.642 

5.621 

5.675 


517.54 
523.22 
526., 71 
525.61 
524.13 
518.09 
522.85 
529.29 
517.91 
521.20 
521.38 
516.09 
522 .48 
521.93 
515.36 
518.82 
521.75 
518.46 
515.90 
511.00 
512.81 
512.81 
515.72 
521.02 
!  512.08 


-482.46 

-476.78 

-473.29 

-474.40 

-475.87 


-48.25 

-47.68 

-47.33 

-47.44 

-47.59 


-0.1365 
+0.4308 
+0.7800 
+0 . 6696 
+0.5226 


308.28 


518.09 


481.91 

-48.19 

-0.08170 

477.15 

-47.72 

+0 . 3941 

470.71 

-47.07 

+1.038 

482.09 

-48.21 

-0.09995 

-478.80 

-47.88 

+0.2292 

-478.62 

-47.86 

-10.2475 

-483.91 

-48.39 

-0.2823 

-477.52 

-47.75 

+0.3574 

-478.07 

-47.81 

+0.3  02  5 

-484.64 

-48.46 

-0.3552 

-481.18 

-48.12 

-0.008638 

-478.25 

-47.83 

+0.2841 

-481.5'4 

-48.15 

-0.04517 

-484.10 

,-48.41 

-0.3006 

-489.00 

-48.90 

-0.7913 

-487.19 

-48.72 

-0.6093 

r— * 

r- 

CO 

«rr 

1 

-48.72 

-0.6098 

-484.28 

-48.43 

-0.3188 

-478.98 

-47.90 

+0.2109 

-487.92 

-48.70 

-0.6825 

-49) .72 

-49.17 

-1.063 

-481.91 

-48.19 

-0.08170 

-106- 
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of  observations,  it  was  concluded  that  characterization  of  accep 
table  spring  performance  is  necessary  prior  to  use  of  the  design 
Attempts  to  conduct  centrifuge  testing  on  the  final  prototype 
were  not  successful.  In  each  of  two  separate  tests,  at  least 
1  spring  was  damaged.  This  spring  fatigue  problem  coupled  with 
temperature  drift  resulted  in  unusable  data. 


SECTION  XV 


FAILURE  MODES  AND  EFFECTS  ANALYSIS 


This  section  includes  a  qualitative  analysis  of  various 
failure  modes  and  their  resulting  effects.  In  general,  all  SSS 
design  approaches  accomplish  the  same  basic  functions;  therefore 
the  analysis  presented  here  is  concerned  with  those  failure 
modes  which  will  be  common  to  all  types.  There  probably  are  no 
specific  failure  modes  unique  to  a  particular  design  technique 
from  the  standpoint  of  functions  that  need  to  be  implemented 
for  correct  operation.  Unique  failure  aspects  are  normally 
characteristic  of  the  specific  part  or  configuration  used  to 
accomplish  a  particular  function.  Normally  if  two  radically 
different  designs  are  used  to  accomplish  the  same  task,  it  is 
likely  that  a  failure  in  either  case  will  produce  the  same 
functional  result.  Aside  from  cost  considerations,  one  design 
approach  will  be  picked  over  another  on  the  basis  of  reliability 
or  probability  of  a  particular  type  of  failure.  In  the  analysis 
that  follows,  failure  modes  are  discussed  first  from  the  broad 
functional  viewpoint.  This  is  followed  by  a  more  detailed 
account  of  specific  part  or  component  performances.  Lastly, 
techniques  are  presented  for  overcoming  or  minimizing  various 
failure  modes. 

Functional  Failure  Modes.  The  SSS  is  a  distance  measuring 
device  which  controls  or  implements  arming  functions  at  speci¬ 
fied  ranges  from  the  launch  vehicle.  Any  failure  which  reduces 
the  arming  range  to  dangerous  proportions  is  therefore  obviously 
undesirable  from  the  safety  viewpoint.  Failures  which  increase 
the  range  may  result  in  a  dud  or  fail-safe  mode  which  denies 
mission  accomplishment.  These  are  the  two  primary  modes  of 
failure.  It  should  be  noted  that  in  most  low-cost  desigrs 
there  will  be  a  specified  range  tolerance.  For  the  present 
purposes,  a  failure  exists  if  the  range  measured  by  the  SSS  is 
outside  the  specified  tolerance. 

Any  system  failure  causing  motor  acceleration  beyond  that 
which  the  system  is  experiencing  due  to  missile  performance 
will  result  in  a  short  arming  range.  Such  a  failure  may  be 
either  electrical  or  mechanical  as  follows. 

Electrical  Failure  Modes  -  In  the  SSS  design,  it  is  neces¬ 
sary  to  provide  proportional  electrical  energy  to  the  motor  as 
required  to  accomplish  the  function  of  double  integration.  Any 
electrical  failure  which  upsets  the  ability  of  the  system  to 


provide  proportional  energy  will  result  in  a  range  error.  Such 
an  electrical  failure  may  be  total  or  intermittent,  with  a 
shorted  motor  across  terminals  being  the  most  catastrophic.  In 
all  designs,  whether  the  null  tracks  or  oscillates,  one  or  more 
transistors  will  be  used  to  supply  power  to  the  motor.  If  this 
transistor  circuit  fails  by  shorting,  dangerously  short  ranges 
will  be  experienced.  The  transistor  circuit  is  driven  either 
directly  or  indirectly  by  the  nu±i  sensor.  The  sensor  may  be 
either  electrical  or  mechanical,  and  failure  of  this  mechanism 
can  result  in  either  removal  of  power  or  application  of  full 
power . 

A  mechanical  null  sensor  is  normally  a  switch.  A  shorted 
switch  will  result  in  a  runaway  motor  which  provides  short 
ranges.  An  open  switch  failure  will  provide  long  ranges.  The 
electrical  null  sensor  can  experience  the  same  failure  modes 
as  any  other  electrical  circuit. 

Range  information  can  be  accumulated  either  electrically 
or  mechanically.  To  date,  digital  counting  techniques  have 
been  used  to  accumulate  and  determine  coincidence  with  the 
selected  range.  Circuits  which  accomplish  this  function  may 
fail  independently  of  SSS  operation.  For  example,  undesirable 
electrical  pulses  may  be  accumulated  by  the  counter,  and  since 
each  pulse  represents  an  increment  of  distance,  the  range  will 
be  shortened.  Since  coincidence  is  also  accomplished  elec¬ 
trically,  an  undesirable  pulse  or  electrical  signal  can  occur 
which  forces  the  circuit  to  assume  the  coincidence  condition. 

For  example,  if  the  counters  are  designed  to  operate  in  the 
count-down  mode,  coincidence  will  occur  when  the  total  count 
reaches  zero.  An  inadvertent  reset  pulse  on  the  counters  can 
result  in  a  zero  count  output,  thereby  signaling  that  final 
range  is  reached. 

Mechanical  devices  which  accumulate  the  range  information 
are  normally  a  part  of  the  SSS  itself  or  are  controlled  by  the 
SSS.  This  simply  means  that  to  advance  toward  arm,  the  range 
accumulation  mechanism  must  receive  its  power  from  the  SSS. 
Therefore,  it  is  reasonable  to  conclude  that  range  failures 
will  be  SSS  oriented  and  thus  characterized  by  SSS  failure 
modes . 

Mechanical  Failure  Modes  -  The  most  important  mechanism 
whose  failure  can  produce  undesirable , range  information  is  the 
null  mount.  To  accomplish  correct  acceleration  detection,  the 
null  must  be  free  to  move  under  the  influence  of  motor  torque 
and  missile  acceleration  torque.  Any  other  torques  or  distur¬ 
bances  which  are  not  of  this  variety  will  result  in  range  error. 
Such  a  failure  in  most  cases  involves  a  sticking  null  caused  by 
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bearing  contamination  or  other  foreign  materials  to  inhibit  or 
restrict  normal  null  operation.  If  a  null  sticks  in  the  power 
portion  of  its  normal  travel  range  (toward  the  aft  of  the  mis¬ 
sile)  ,  the  null  sensor  will  command  the  motor  to  run.  This  will 
produce  a  short  range.  If  the  switch  sticks  in  the  upper  por¬ 
tion  of  normal  cravel,  a  long  range  is  experienced. 


Aside  from  chose  mechanical  failures  mentioned  in  previous 
paragraphs,  a  sticking  null  is  the  only  mechanical  failure  mode 
which  has  been  envisioned.  However,  it  is  the  most  difficult  to 
overcome  with  appropriate  design  procedure.  Specific  details  on 
this  failure  mode  are  discussed  later. 


To  summarize  the  general  analysis,  it  can  be  concluded  that 
all  failure  modes  which  can  exist  to  supply  excessive  electrical 
power  to  the  motor  will  result  in  dangerously  short  ranges 
unless  appropriate  design  techniques  are  implemented  to  detect 
and  overcome  such  an  occurrence.  Any  failure  mode  which  inhib¬ 
its  or  rations  the  electrical  power  which  the  motor  receives 
will  result  in  a  long  range. 


Detailed  Component  Analysis.  These  paragraphs  include 
specific  failure  information  on  individual  components  which  con¬ 
tribute  to  the  addition  or  subtraction  of  electrical  motor 
energy.  As  stated  previously,  entirely  different  hardware  con¬ 
figurations  may  be  used  to  accomplish  the  same  function.  The 
basic  functions  are: 


•  Null  Sensing 


•  Electrical  Control 


Range  Accumulation 


Arming  Functions 


Each  of  these  functions  is  discussed  in  detail  below  along  with 
the  various  techniques  used  tc  accomplish  them. 


Null  Sensing  -  For  discussion  purposes,  null  sensing 
includes  the  null  sensor,  associated  electronics  and  null 
assembly  consisting  of  the  motor  stator  and  the  unbalanced 
mass.  As  previously  stated,  the  sensor  may  be  either  a  mechan 
ical  switch  or  an  electronic  design.  The  mechanical  switch  is 
the  simplest  design  with  the  fewest  parts;  h^eyer,  it  is  the 
least  accurate  of  the  two  approaches,  since  it  inherently  . 
increases  null  friction.  The  basic  configuration  is  shown  in 
Fiqure  42  Figure  42  shows  a  general  nul)  switch  configuration 
and  its  relative  orientation  to  the  overall  physical  arrange¬ 
ment.  When  the  null  or  unbalanced  mass  is .torqued .^^ection 
clockwise  in  response  to  missile  acceleration 
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CONDUCTOR  SEGMENT 


Null  Sensing  Design 


MOTOR 


NULL  SWITCH 


Motor  Power  Schematic 


shown,  the  null  switch  is  closed  by  the  two  brushes  and  the  con¬ 
ductor  segment.  Closinq  the  switch  permits  power  to  be  supplied 
to  the  motor  in  the  simplified  manner  shown  in  Figure  43.  Wnen 
the  null  switch  closes,  the  transistor  is  turned  on,  thus  sup¬ 
plying  current  to  the  motor.  A  motor  torque  is  developed  on  the 
null  mass  in  opposition  to  the  torque  caused  by  missile  accel¬ 
eration.  In  the  oscillatory  mode,  this  motor  torque  is  greater 
than  the  acceleration  torque.  Therefore,  the  null  mass  moves 
clockwise  to  open  the  switch.  The  switch  design  can  only  be 
used  for  the  oscillatory  mode,  since  it  is  a  bang-bang  device. 

If  the  switch  brushes  short  or  a  short  occurs  anywhere  in  the 
circuit  such  that  the  switch  contacts  are  electrically  bridged, 
the  motor  will  accelerate  at  its  full  capacity,  thereby  intro¬ 
ducing  a  dangerously  short  range. 

Contamination  on  the  insulator,  if  conductive,  can  also  pro¬ 
duce  continuous  current  to  the  motor  and  cause  a  short  range. 
Contamination  which  insulates  would  be  the  more  usual  failure 
condition  and  would  result  in  a  long  range.  Experience  during 
the  SRAM  program  has  shown  that  insulating  types  of  contamina¬ 
tion  are  the  most  common  and  are  of  the  fail  safe  variety. 

Since  the  brushes  must  be  in  contact  with  the  null  for 
proper  electrical  operation,  they  contribute  frictional  torque 
to  the  null  assembly  and  thereby  influence  its  operation.  If 
this  friction  becomes  excessive,  the  null  can  be  held  in  either 
the  closed  or  the  open  position.  The  result  of  each  of  these 
failures  has  been  characterized.  The  likelihood  of  excessive 
null  brush  friction  is  dependent  on  the  particular  SSS  design. 

If  the  motor  is  quite  large  with  ample  torque',  such  excessive 
friction  can  be  tolerated  to  a  much  larger  extent  than  with  a 
very  small  motor.  In  other  words,  if  the  brush  pressure  becomes 
excessive  in  a  large  motor,  the  motor  torque  applied  will  always 
be  greater  than  any  friction  which  can  be  developed.  In  this 
instance  the  switch  will  probably  stick  in  the  off  position, 
resulting  in  a  long  range  or  a  fail  safe  condition. 

The  second  technique  used  to  date  for  sensing  null  opera¬ 
tion  consists  of  a  photo  diode  (LED) -photo  transistor  (PD)  pair. 
The  typical  simplified  schematic  is  shown  in  Figure  44.  The 
LED  is  oriented  relative  to  the  PD  such  that  its  emitted  light 
impinges  on  the  PD  unless  interrupted  by  the  null  shutter.  If 
the  null  shutter  falls  down  under  the  influence  of  missile 
acceleration,  the  LED  light  will  be  sensed  by  the  PD.  This 
turns  on  the  PD  and  therby  turns  on  the  motor  transistor. 

Motor  torque  is  then  developed  to  move  the  shutter  upward  and 
interrupt  the  light.  This  shuts  off  the  PD  and  removes  motor 
power . 
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Figure  44.  Optical  Null  Sensing  Schematic 

This  arrangement  may  fail  in  a  manner  similar  to  that  for 
the  mechanical  null  switch.  Since  the  LED  emits  light  at  all 
times,  its  failure  can  only  produce  a  fail  safe  condition.  For 
example,  without  light  impingement  on  the  PD,  it  cannot  turn  on. 
Therefore,  no  power  can  be  supplied  to  the  motor  to  produce 
range.  The  photo  transistor  performs  the  same  task  as  the 
mechanical  switch,  so  if  it  shorts  by  any  mode  the  motor  tran¬ 
sistor  will  be  turned  on  to  produce  a  runaway  condition.  The 
advantage  of  using  this  approach  is  that  there  is  no  physical 
contact  between  the  null  assembly  and  the  sensor.  Frictional 
sticking  is  thus  not  present  due  to  the  sensor.  In  addition, 
contamination  will  not  present  a  problem  with  this  design 
approach.  There  are  no  contacts,  since  all  components  are 
hand  wired. 

For  purposes  of  the  present  discussion,  the  technique  used 
to  mount  the  null  assembly  relative  to  the  missile  frame  is 
considered  part  of  the  sensing  elements.  The  two  basic  design 
approaches  used  for  this  program  have  failure  modes  which  are 
quite  different.  In  the  first  two  design  iterations,  ball 
bearings  mounted  the  null  and  provided  the  appropriate  degree 
of  freedom.  The  third  (last)  iteration  uses  torsional  or 
pivotal  springs.  For  the  ball  bearing  approach,  the  mechanism 
which  contributes  to  failure  is  quite  well  known.  Ball  bearing 
contamination  or  other  bearing  failure  modes  can  contribute  to 
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a  sticking  null,  and  the  system  may  either  run  away  or  stop. 

Ball  bearing  malfunction  is  the  most  significant  failure  mode 
which  has  been  considered,  since  in  general  all  other  problems 
can  be  detected  and  overcome  by  reasonably  simple  means.  To 
date  the  best  defense  against  such  bearing  failure  mechanisms 
is  through  appropriate  assembly  and  quality  control  procedures. 

Though  more  costly,  the  flexural  or  pivotal  spring  approach 
used  in  the  final  prototype  is  probably  the  more  reliable. 

This  must  be  a  qualified  statement,  since  adequate  life  infor¬ 
mation  has  not  been  accumulated.  For  example,  the  springs  may 
be  correctly  designed  to  withstand  loading  and  other  effects; 
however,  under  the  influence  of  normal  operation  and  vibration, 
metal  fatigue  may  occur  to  the  extent  that  a  failure  could 
result.  The  spring  manufacturer  indicates  that  for  small  def  ec- 
tions  the  total  number  of  deflections  which  can  be  realised  is 
unlimited,  and  this  is  the  normal  mode  of  operation.  If,  how 
ever,  a  spring  fails  such  as  to  permit  improper  null  operation, 
either  a  runaway  or  stopping  failure  mode  is  possible.  The 
likelihood  of  such  spring  failure  is  very  small  compared  wi 
the  possibility  of  null  bearing  failure  or  contamination.  It 
interesting  to" note  that  contamination  of  the  ball  bearings  may 
result  ir^free zing  of  the  null  when  the  system  is  at  low  tem¬ 
peratures.  The  springs  are  not  particularly  susceptible  t 
contamination  unless  the  accumulation  of  foreign  materials 
excessive . 

Electrical  Control  Functions  -  Figures  42  through  44  illus¬ 
trate  motor  power  control.  Such  control  consists  Primarily  of 
one  or  more  transistors,  depending  on  the  size  of the  motor  and 
the  null  mode  of  operation.  If  an  oscillating  null  is  used 

the  circuit  is  basically  very  simple.  If  a  tracking  nuii 

implemented,  compensating  circuits  are  ampHtie“  In 

accomplished  with  transistors  or  operational  amplifier  . 
either  situation,  any  circuit  short  or  open  that 
alters  sensor  control  of  the  motor  will  res  variety 

The  failures  can  be  of  either  the  runaway  or  st?P  v^iety. 

For  example,  shorting  of  the  motor  trans^tor  wili  su^y 
enough  motor  power  to  produce  a  runaway  < b 

-ercomeby 

i  s?mple  low  cos?  mechanism  to  produce  a  fail  safe  condition. 

Ranee  Accumulation  -  Range  information  is  by 

two  basic  techniques.  First,  a  digital  °r  electronic/  _ 

electrical  design  is  used  J^/be  generated  mechan- 

TclVty  £  “ 'elSSy  hyyLED-9PO  pairs  Pulses 
can  be  accumulated  either  on  electronic  counters  or  used 
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drive  a  stepping  motor.  The  stepping  motor  serves  the  function 
of  reducingPthe  motor  turns  count  to  less  than  one  revolution. 

mounted  Pitches  and/or  moving  a  barrier  plate  a  specrfied 
angular  displacement  less  than  360  degrees. 

It  an  electronic  counter  approach  is  used  the  counters  will 
be  responsive  to  pulses  introduced  by  external  or  internal 
=o„rcer  These  pulses  can  advance  the  counters  to  produce  a 
false  Jange  however,  it  should  be  noted  that  such  processing 
of'unwanted'  signals  will  occur  onlyjith^a  malfunction  of 

Strtenfy,roeund!nefailirCe  of'the  counter  chip  or  various  shorting 
mechanisms. 

The  stepping  motor  approach  is  ““^^“ofunSanted 

ynu!Ssfesincf”rneater  power  i. -fn^itt'en?  sS^ccurs 
:f°irtsmSpuet  terminals  ."failure  to  receive  advance  pulses  will 
result  in  a  longer  range. 

Motor  Failure  Modes  -^Since  the ^^ftem^Inleniral . 
and  mechanical,  it  is  di  formulated  which  can  result 

no  motor  ^ilure  mechanism  could  toe  ”^f1£unction  will 

in  very  short  ranges.  iyp  y  i onaer  range, 

result  in  a  loss  of  laUure?  may  occur 

Depending  on  the  g  Pr°tlJ-® '  .  .  nr  uerformance  of  the  motor, 

which  simply  reduce  the  efficiency  P  failure  modes 

Correct  SSS  operation  may  still  occur. 

are: 

•  Brush  Failure 

•  Commutator  Failure 

•  Loss  of  Magnetism 

•  Winding  Shorts  or  Opens 

•  Motor  Bearing  Failure 

•  Motor  Power  Supply  Failure 
Each  is  discussed  below. 

,  _  . .  _  Rv-ncih  Failure  may  consist  of  an  open,  an 
Brush  Failure  -  Brush  Failure  may  ghortinq  to  qround. 

increase  m  apparent  motor  resistan 


M 


An  open  in  a  two-brush  motor  will  result  in  a  fail  safe  system 
if  such  failure  occurs  prior  to  beqinning  a  run.  Otherwise  the 
arming  range  will  be  increased.  A  two-brush  open  prohibits 
power  from  being  supplied  to  the  motor,  thus  destroying  the 
ability  to  integrate.  If  a  motor  has  more  than  two  brushes, 
the  system  can  provide  a  limited  capability,  since  motor 
torque,  though  reduced,  may  still  be  developed. 

Any  contamination  between  the  brush  and  commutator  strap 
can  result  in  an  increase  in  apparent  motor  resistance.  Again, 
this  reduces  the  capability  of  the  system  to  integrate  large 
levels  of  acceleration.  This  is  because  total  current  which 
the  motor  can  draw  is  reduced.  Since  motor  torque  is  propor¬ 
tional  to  current,  the  reduction  in  current  reduces  the  ability 
of  the  motor  to  accelerate  in  response  to  missile  acceleration. 
The  exact  amount  of  reduction  in  capability  is  dependent  on  the 
increase  in  apparent  resistance.  If  an  insulator  which  separ¬ 
ates  the  brush  from  the  grounded  portions  of  the  assembly 
fails,  the  motor  will  not  run.  It  is  probably  true  that  a  fail 
safe  condition  can  occur  in  this  case,  because  either  the  motor 
will  not  run  at  all  or  if  velocity  is  present  at  the  time  the 
short  occurs,  the  motor  will  stop  quickly  and  stop  further 
accumulation  of  range. 

Commutator  Failure  -  Again,  a  commutator  failure  cannot  pro¬ 
duce  a  shortened  range.  A  shorted  commutator  is  the  same  as 
shorting  the  motor  coils;  therefore,  the  ability  of  the  motor  to 
develop  torque  is  reduced  or  eliminated.  The  result  of  a 
shorted  commutator  is  either  a  fail  safe  or  lengthened  range. 

An  open  commutator  will  produce  a  similar  result,  except  a 
lengthened  range  is  more  likely  than  a  fail  safe  condition. 

This  is  highly  dependent  on  the  number  of  motor  coils,  the 
point  in  a  run  where  the  failure  occurs,  and  the  g  level  which 
must  be  sensed.  For  example,  a  DC  motor  having  36  commutators 
will  undergo  a  small  reduction  in  performance  if  one  opens. 

If  there  are  four  commutator  segments,  the  motor  assumes  a  two- 
pole  posture  if  one  opens,  thereby  reducing  the  torque  which 
can  be  developed  to  50  percent  or  less.  If  there  is  no  velo¬ 
city  at  the  time  failure  occurs,  the  motor  will  not  commutate 
properly  and  may  not  accelerate  at  all. 

Loss  of  Magnetism  -  Normally,  two  magnets  are  used  in  a 
permanent  magnet  motor.  It  is  a  very  rare  occurrence  to  see 
the  total  loss  of  magnetism;  however,  loss  in  any  form  will 
reduce  the  torque  producing  capability  of  the  motor.  Again, 
this  will  produce  a  long  range.  Some  magnetic  materials  are 
susceptible  to  temperature  extremes.  For  example,  ceramic 
magnets  experience  a  reduction  in  field  strength  at  low  tempera¬ 
tures;  however,  if  used,  the  design  can  be  set  to  overcome  such 
a  condition. 
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Windinq  Shorts  or  Opens  -  These  problems  are  similar  to 
commutator  failures,  except  much  less  reduction  in  motor  torque 
may  result  if  the  short  occurs  in  a  coil  at  a  point  where  very 
few  windings  are  involved. 

Motor  Bearing  Failure  -  Bearing  failure  will  result  in  a 
lengthened  Xange?  since  such  failure  as  may  be e  define consists 
of  an  increase  in  friction.  An  increase  m  bearing  friction 
hpvond  an  acceptable  value  means  that  a  larger  portion  of  th 
available  moto?  torque  will  be  consumed.  This  will  reduce  the 
amount  of  torque  which  can  be  used  to  accelerate  the  rotor . 
Therefore,  the  motor  cannot  follow  the  demanded  acceleration 
rate,  and  a  larger  range  will  result. 

Motor  Power  Supply  Failure  -  Loss  of  power  to  the  SSS  will 
result  in  failure  to  arm  or  arming  at  a  long  range  if  failure 
occurs  near  the  end  of  the  integration  process. 

assu^S^^^ 

Iu2hed«ignro“parS1addednto  XXXXtnXXditec?  and  correct 

recommendations  are  made  for  design  approach  selections  and 
techniques  for  safeguarding. 

,„.rv  ecc  desiqn  will  be  formulated  such  that  the  motor  can 
acceSe  a  larger  rate  than  reguired  > 

XfcXsf X  r  %  XX  f fXhStiX!  - 

iheXfLe!  ^provide  appropriate  safe ^r'oXfillXeXoXI- 
to  select  a  design  approach  wher^e^U^Ced.  ihe  design 
bilities  which  contribute  ° conditions  are  easily  detected  and 
should  be  such  that  runaway  “redundant  system,  correction 

:?ra6?uendawayWdev°ice  IntsXo  dudding  or  fail  safe  operation. 

As  stated  in  previous  paragraphs,  there  are  two  general 
conditions  which  can  produc "““XXaUurX  wSch  result  in 

sticKing  null  bearings  and  electronic ^^^1^  ^  ^  condi. 

application  of  full  motor  P  f  exceSsive  motor  torque 

tions  reveals  that  the  appiica  lt  dn  a  very  large  null 

due  to  an  electronics  problem will  travel  outside  its 
excursion.  This  means  that  the  i  null  *“sonabl  simpie  mechani- 

normal  operating  range;  ure'the  null  and  remove  all  sys- 

&  ££  mXirwindpXducfriaX6safo  condition. 
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Motor  runaway  caused  by  a  sticking  null  is  a  difficult 
problem.  To  date  no  safeguard  design  technique  has  been  for¬ 
mulated  except  to  place  emphasis  on  reliability  of  null  bear 
ing  performance.  To  reduce  the  number  of  failure  mechanisms 
which  can  result  in  shortened  ranges,  the  range  accumulator 
device  should  be  connected  to  and  be  a  part  of  the  motor  rotor. 
This  may  be  accomplished  by  the  addition  of  gear  trains  or 
alteration  of  the  K  factor.  Since  the  sticking  null  is  more 
difficult  to  overcome  than  an  electrical  short,  null  detection 
should  be  accomplished  by  a  means  which  does  not  require 
mechanical  attachment  such  as  that  seen  by  the  null  switch 
design.  Such  mechanical  attachment  will  result  in  the 
increased  possibility  of  a  sticking  null,  while  electronic 
means  can  produce  the  short  failure  which  can  be  overcome. 

To  summarize  the  FMEA,  it  is  clear  that  many  failures  may 
occur  which  can  contribute  to  either  short  or  long  ranges.  Of 
these,  only  one  failure  can  occur  for  which  a  safeguard  other 
than  reliability  consideration  has  not  yet  been  found.  This 
is  the  sticking  null. 
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SECTION  XVI 

SUMMARY  AND  CONCLUSIONS 


The  basic  function  of  an  SsA  is  to ^vi^^saf^sepa.a- 

tion  distance  hetween  the  missile  acceleration/distance 

arming  may  occur.  . , Se  S&A  will  result  in  either  decreased 
measuring  capability  of  the  risk  to  fche  launch  vehicle. 

operational  capab3;J;J;J;y  “rameters  which  contribute  to  the  deter- 
Of  the  various  launch  parameter  e  ^  usually  the  best  indi- 

mination  of  aa*®  ®®pa  ^^boost  or  acceleration  pro, iles 
cator  of  risk  level.  Baca1is®  “  distance  is  difficult, 
vary  widely,  measurement  of  the  distance 


Most  conventional  missile  employ^timers^or  p^ad°rQ„ 

tsrssr: 

errors  in  safe  separation  distan  heina  developed,  severe 

±40  percent.  Whenever  a  and  SpeXtionll  capa- 

tradeoffs  between  launch  vehicle  sa  e  Y  Plimitations . 

bility  must  be  made  because  o: determined  by  distance  but  by  a 
Launch  safety  is  not  enti  y  ft  flight  parameters  and 

complicated  interaction  of  ^rair“a.^tiongdis?ance  can  be  the 
fragment  trajectories.  However,  separation  be 

most  valuable  index  of  safety  if  ^uf  as  a  func- 

achieved.  Because  °  Q  “  °  it  is  necessary  to 

tion  of  temperature  and  desaga  in;eqration  to  yield 

detect  acceleration  and  per  o  device  whfch  will  accurately 

perform6 this "double- integ r a t ing  function  is  the  Flight  Environ- 
Sent Tnsor  (FES)  aboard  the  Air  Force  SRAM  resile. 


The  basic  objective  of  present  progra^was  tojjtermine 

if  the  SRAM  FES  Specifically,  the  acceler- 

adapted  to  conventional  S  extended  and  space  consumption 

ation  detection  range  was  bob®e^l  of  accuracy  and  relia- 
reduced  while  maintaining  g.  -  e  and  performance  data 

bility.  This  program  produce  significant  improvement  in 

which  supports  the  conclusion  that  a  J^“S“8idPin  a  conven- 
range  information  can  be  realized  if  an  Sbb 

tional  S&A. 


When  subjected  to  acceleration  up  to  6g, ^S RAMIES  pro¬ 
duced  an  accuracy  of  about  0.5  P  tainer  n  by  4  by  3  inches 

13,000  feet.  It  was  packaged^na^a?eS  during  this  program 
The  SSS  prototypes  designed  *nd  *ab*^ated  dar*ngen/when 
demonstrated  a  potential  distance  accu  y  P  evice  is 

subjected  to  acceleration  profiles  up  to  27g  s. 
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packaged  in  a  cylindrical  container  2.59  inches  in  ^ 

?  inches  deep.  Power  consumption  was  comparable  to  existing 
fuzes  sSch  as  rte  Maverick  Missile  SSA.  Additionally  the 
flexibility  of  the  concept  was  demonstrated  as  reflected  by 

Table  15. 

In  summarizing  advantages  offered  by  the  SSS  concept,  it 
is  necessa^  to  emphasize  that  the  SSS  will  process  negative 
acceleration  as  well  as  positive.  It  can  integrate  varying  and 
very  small  accelerations,  including  fractions  J;  » 

it  will  maintain  the  existing  velocity.  From  a  compatibility 
viewpoint,  it  is  important  that  the  SSS  is  not  a  delicate 
instrument.  The  care  which  must  be  exercised  xn  assembly  is 
similar  to  that  required  for  fuzes  now  m  use.  From  the  view 
p“nt  of  ?roSucib!lity,  the  SSS  may  be  characterised  as  merely 
a  oermanent  maqnet  DC  motor  mounted  on  a  set  of  ball  bearings 
o  S  a Second  degree  of  freedom.  Based  on  information 
collected  during  the  SPAM  SAF  development  program  and  this 
explor atory  deve lopment  program,  almost  any  DC  motor  can  be 
used  in  an  SSS  design.  Because  motors  of  all  types  have  a 
Tono  history  of  success  in  military  applications  ruggedness 
has  been  thoroughly  demonstrated.  The  combined  features  des¬ 
cribed  here  and^n7  the  body  of  this  report  suggest  a  broad 
ranqe  of  S&A  applications  for  the  SSS  concept.  Because  th 

device  can  be  packaged  in  a  variety  of  sizes  “VErSSX 
a  broad  range  of  accelerations,  the  processing  of  accurate 
arming  information  for  both  powered  and  unpowered  munitions 
appears  to  be  within  reach. 

As  stated,  this  program  consisted  of  exploratory  develop¬ 
ment.  The  effort  provided  the  necessary  information  to  pro¬ 
ceed  into  advanced  development.  The  next  logical  step  is 
adapt  ?he  SSS  to  a  full-scale  S&A.  At  this  writing,  such  a 
program  is  being  conducted  under  sponsorship  of  the  Air  Force 
Armament  Laboratory.  To  implement  the  SSS  “£o  an  SSA^  the 
advantages  and  disadvantages  of  each  co"fag“ration  previously 
built  were  evaluated.  This  evaluation  led  to  a  unique  teen 
nique  for  accumulaving  range  information.  Because  internal 
motor  friction  does  not  affect  accuracy,  a  reduction  gear 
train  can  be  mounted  between  the  motor  rotor  and  stator.  This 
gear  train  can  in  turn  drive  an  explosive  barrier  plate  toward 
armed  alignment  as  a  function  of  missile  displacement .  The 
gear  train  and  barrier  plate  are  assemblies  normally  used  m 
conventional  S&A's.  Because  of  this  design  similarity,  use  o 
the  SSS  can  be  described  as  a  device  which  eliminates  the 
frictional  effects  contributing  to  the  basic  inaccuracies  o 
typical  S&A.  From  this  viewpoint,  the  SSS  does  not 
a  radical  departure  from  the  usual  design  approaches.  As  an 
example,  consider  one  of  any  number  of  S&A's  now  in  use  which 
feature  two  arming  functions  consisting  of  explosive  barrier 
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plate  alignment  and  closing  of  firing  circuits.  The  firing 
circuits  are  normally  mechanically  connected  to  the  barrier, 
which  is  driven  by  an  escapement  coupled  to  a  g  weight. 

With  the  SSS/gear  train  design  described  briefly  above, 
implementation  is  essentially  identical  to  in-use  S&A's.  It 
may  therefore  be  concluded  that  on  a  comparative  basis,  the  dif¬ 
ference  in  cost  between  an  SSS-based  S&A  and  an  in-use  S&A  is 
approximately  the  cost  of  one  permanent  magnet  DC  motor.  Such 
a  difference  will  be  typically  a  small  percentage  of  the  total 
fuze  cost;  however,  this  comparison  is  much  less  significant 
than  the  possible  cost  savings  which  can  be  realized  if  an  SSS- 
based  S&A  can  significantly  improve  the  effectivity  of  the 
missile.  Based  on  the  information  gathered  during  these  explor¬ 
atory  programs,  the  promise  of  an  accuracy  improvement  to  the 
extent  necessary  to  provide  operational  flexibility  with  safety 
appears  quite  feasible. 
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APPENDIX 


INSTRUMENT  CONTROL  PACKAGE  (ICP) 
FUNCTIONAL  AND  OPERATING  DESCRIPTIONS 
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FUNCTIONAL  DESCRIPTION 


The  ICP  has  been  modified  so  that  both  position  system  and 
torque  system  3SS  modules  may  be  functioned.  The  operational 
procedures  listed  apply  to  both  systems  except  where  noted.  Two 
circuit  schematics  are  provided  (Figure  45) ,  one  of  the  ICP,  the 
other  for  the  modification  performed  to  accommodate  the  final 
prototype.  For  explanation  purposes,  the  circuit  is  divided  into 
the  following  sections: 


•  Time  and  Range  Displays 

•  Clock  Circiits 

•  Timer  Circuits 

•  Range  Selection 

•  Power  Supplies 

•  Control  Logic 

Each  of  these  circuits  is  discussed  below. 

Time  and  Range  Displays.  The  two  display  circuits,  time 
and  range,  are  identical  except  that  provisions  for  a  decimal 
are  made  on  the  time  circuits.  Input  count  is  accumulated  by 
four  TTL  decade  counters,  P/N  N8280A.  The  four  binary  outputs 
of  the  four  counters  are  routed  to  decoder-drivers,  S/N  7446N. 
Decoder-drivers  accept  the  binary  information  for  decoding  into 
seven  segment  display  signals.  The  equivalent  circuit  for  each^ 
segment  is  shown  in  Figure  46.  As  shown,  the  S/N  7446N  provide, 
a  ground  for  a  segment  to  be  lighted;  otherwise  the  output  is 
high  at  2.9  volts.  The  68-ohra  resistors  limit  the  current  to 

each  display  segment. 

Segments  are  checked  by  placing  a  high  at  the  L/T  input  °r 
pin  3  of  each  display.  A  switch  on  the  control  panel  is  used  to 
place  this  high  for  illuminating  all  segments  of  both  disp  ay  . 
Thus  when  this  switch  is  depressed,  each  digit  snows  an  8. 
Depressing  the  L/T  switch  alsc  illuminates  the  arm  and  prearm 

indicators. 

Switch  S7B  is  used  to  place  the  decimal  point  for  the 
elapsed  time  display^  FoJh^°;i^1^eSsS?ementUcSpabiiitiSis  then 
°upetol9%9°SeSona^o;  ^iO-nilUsecond  selection  and  9.999 
for  the  1-millisecond  selection.  Range  limits  are 


* 
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Figure  46.  Display  Circuit 


The  clock  input  for  the  range  is  routed  from  the  SSS  via 
connector  pin  G  through  an  inverter  (U1C)  and  NAND  gate  (U7C) . 

This  logic  will  be  explained  later.  Pin  13  of  each  counter  is 
the  clear  point.  A  logic  zero  at  these  pins  results  in  a  zero 
display  for  all  digits. 

Clock  Circuits.  The  clock  input  for  the  elapsed  time  cir¬ 
cuit  is  provided  by  a  10-megahertz  crystal  and  oscillator  cir¬ 
cuit  plus  5  divide-by-10  counters  U13  through  U17.  The  output 
of  the  10-MHz  clock  is  present  at  the  collector  of  transistor  Q7 , 
which  is  fed  to  the  first  divide-by-10  counter  U17.  Pin  12  of 
U17  is  then  a  1-MHz  clock  and  each  subsequent  pin  12  of  U16,  U15, 
etc.,  divides  the  previous  frequency  by  10.  The  output  of  pin  12 
of  U14  is  1  KHz  and  pin  12  of  U13  is  100  KHz.  With  the  use  of 
switch  S7A,  either  of  these  clock  rates  may  be  selected.  If  the 
1-KHz  rate  is  selected,  the  system  can  count  to  the  nearest  mil¬ 
lisecond.  Similarly,  the  100-Hz  clock  provides  accuracy  to  the 
nearest  10  milliseconds. 

Timer  Circuit.  The  timer  circuit  consists  of  U26,  a 
National  Semiconductor  LM322N  chip  designed  for  timing.  The 
timing  period  is  selected  by  two  variable  resistors,  one  for 
coarse  and  the  other  for  fine  settings.  When  a  high  is  placed 
at  pin  3,  the  timing  cycle  begins.  This  can  be  seen  by  a  low  at 
pin  12.  Therefore,  before  the  timing  cycle  starts,  a  low  exists 
at  pin  3  and  diode  CR9  is  conducting  to  establish  a  0.7  volt  bias 
at  the  base  of  Q8 ,  keeping  it  off.  When  the  high  is  placed  at 
pin  3  and  pin  12  goes  low,  again  the  base  of  Q8  is  at  0.7  volt 
to  keep  it  off. 

When  the  timer  completes  its  cycle,  pin  12  goes  back  to 
high  and  pin  3  is  still  high.  Then  current  can  flow  through  R104 
to  the  base  of  Q8,  turning  it  on.  With  Q8  on,  current  flows 
through  the  relay  coil  to  pull  in  the  contacts.  If  switch  S 8  is 
off,  the  circuit  functions  as  explained  during  each  operation  of 
the  ICP.  If  S8  is  turned  on,  a  ground  is  placed  on  the  stop  cir- 
cuits  via  the  relay  contacts.  Therefore,  the  system  is  stopped 
on  the  basis  of  time  delay  the  same  as  stopping  occurs  on  range. 
The  final  arm  signal  (based  on  range)  •  is  removed  and  the  time 
signal  is  placed  to  the  stop  circuits  by  means  of  switch  S8. 
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The  relay  contacts  are  connected  to  jacks  on  the  front  of 
the  panel  to  provide  a  28-VDC  output  when  the  timing  has  run  out. 
This  feature  is  designed  to  function  a  device  which  shifts  the 
axis  of  the  SSS  after  a  specified  time  to  simulate  a  change  in 
acceleration  levels. 


Range  Selection.  Range  selection  is  made  by  means  of  four 
thumbwheel  switches,  TW1  through  TW4 .  These  are  10-position 
switches  having  four  binary-coded  outputs  which  are  the  jam 
inputs  or  range  selections  for  the  four  SSS  counters.  The  binary 
outputs  are  routed  directly  to  16  connector  pins  as  shown  in 
Figure  45.  These  outputs  are  present  at  all  times,  and  simul¬ 
taneous  entry  is  made  by  depressing  the  set-clear  switch  S6. 


Power  Supply  Circuits.  There  are  seven  supply  voltages 
generated  in  the  ICP.  A  2.9-volt  supply  is  set  by  Ql  and  regu¬ 
lated  by  Zener  diode  CR1.  This  supply  is  used  to  operate  the 
display  segments.  A  14-volt  supply  is  provided  by  Q3  and  is  used 
for  all  logic  circuits  in  the  position  system  SSS  and  for  the 
counting  circuits  only  in  the  torque  system.  This  voltage  is 
supplied  to  the  SSS  thrpugh  connector  pin  B  and  is  also  available 
at  the  logic  voltage  jacks  on  the  ICP  front  panel ,  A  5-volt 
supply  is  provided  by  REG-1  and  is  used  to  operate  all  TTL 
devices  in  the  ICP.  The  motor  voltage  supply  is  formed  by  a 
Darlington  pair  whose  base  is  controlled  by  R22.  By  adjusting 
R22 ,  the  motor  supply  voltage  is  variable  from  0  to  approxi¬ 
mately  24  volts.  This  supply  is  accessible  at  the  motor  volt¬ 
age  jacks  on  the  ICP  front  panel.  The  motor  voltage  via  these 
jacks  xs  used  for  the  enable  input  in  the  torque  system  and 
should  be  adjusted  to  maximum  for  proper  operation.  A  prestart 
voltage  is  provided  by  Q9  and  Q10  and  can  be  varied  by  R112. 


Two  other  voltages  are  provided  for  use  with  the  torque 
system.  These  are  +24  volts  and  —24  volts  and  are  shown  on  the 
ICP  power  supply  modification  schematic  (Figure  45)  .  These 
voltages  are  supplied  to  the  SSS  through  jacks  mounted  on  the 
ICP  side  panel.  A  switch,  S.9,  is  mounted  with  these  jacks 
and  turns  the  24-volt  supplies  on  or  off.  Also  located  on  the 
side  panel  are  5  other  jacks  which  provide  various  current  levels 
required  in  the  torque  system.  These  currents  are  obtained 
through  resistors  in  series  with  the  +24-volt  supply. 


Three  transformers  are  used  along  with  three  bridge  recti¬ 
fiers  and  three  filter  capacitors  to  provide  the  basic  DC  levels 
LED  1  indicates  the  power-on  status  of  the  ICP,  and  Si  is  the 
power  switch.  When  the  power  switch  is  turned  on,  all  voltages 
are  available  and  providing  current  except  the  motor  and  Pre- 
start  outputs.  These  are  controlled  by  switches  and  other 
cuitry  explained  below. 
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Control  Logic.  To  explain  the  control  logic,  the  best 
starting  point  is  the  set-clear  function.  This  circuit  consists 
of  NAND  gates  USA  and  U8B  which  are  wired  as  a  flip-flop.  When 
the  set-clear  switch  S6  is  depressed,  a  ground  is  placed  on 
pin  1  of  U8A  to  force  a  logic  0  at  pin  11.  This  signal  is  routed 
to  pin  10  of  U8D,  which  results  in  a  logic  1  at  pin  8.  Pin  8  is 
connected  to  pin  5  of  inverter  U2E  whose  output  (pin  6)  is  then 
a  low.  This  point  is  bus  connected  to  all  reset  pins  of  the 
range  and  elapsed  time  circuits.  The  logic  low  resets  all  dis¬ 
play  circuits.  NAND  gate  U8B  output,  pin  11,  also  drives  U2D 
whose  output  is  routed  to  connector  pin  C  and  thence  to  the  SSS 
counters  to  set  them  to  the  range  selected  by  the  thumbwheel 
switches.  The  set-clear  switch  is  a  spring-loaded  pushbutton 
type;  therefore,  when  released,  a  ground  is  placed  at  pin  13  of. 
U8B  to  return  the  system  to  the  ready  state.  Since  TTL  circuits 
require  a  5-volt  supply  and  CMOS  a  14-volt  supply,  interface 
circuits  are  needed.  This  is  the  purpose  of  U2D,  which  accepts 
TTL  and  provides  a  CMOS  level  output  for  use  in  the  SSS. 

Following  set-clear  operation,  the  system  may  be  started  by 
depressing  S3.  This  action  sets  a  flip-flop  consisting  of  NAND 
gates  U8C  and  U7A.  Depressing  the  start  button  places  a  0  at 
pin  4,  and  U8C  output  is  then  at  1.'  This  1  is  fed  back  to  pin  9 
of  U7A,  and  since  pins  10  and  11  are  high  via  U2A  and  R67,  its 
output  at  pin  8  is  low.  This  flip-flop  will  remain  .in  this 
state  regardless  of  the  position  of  S3,  and  that  switch  may  be 
released.  Other  input  signals  are  necessary  to  change  the  start 
state  as  will  be  explained  later. 

The  0  output  of  pin  8  of  U7A  is  routed  to  inverter  U2C 
whose  output  is  a  high  to  turn  on  Q5.  With  Q5  on,  Q4  is  turned 
off  and  motor  power  is  applied  to  the  SSS  via  the  Darlington 
and  connector  pin  D.  Stated  differently,  motor  power  is  not 
supplied  to  the  SSS  until  the  start  button  is  depressed. 

At  the  same  time,  the  output  of  pin  8  of  U7A  is  routed  to 
NAND  qate  U7B ,  whose  output  becomes  high  with  operation  of  s_art 
switch  S3.  This  high  is  routed  to  the  timer’ to  start  its  cycle 
and  to  pins  3  and  4  of  NAND  gate  U7C.  With  a  high  at  these 
pins,  the  count  at  connector  pin  G  is  processed  via  interface 
inverter  U1C  and  pin  5  of  U7C.  With  a  0  at  pins  3  and  4  of  U7C, 
no  range  count  can  be  processed.  The  signal,  at  pin  6  of  U7  3 
the  motor  velocity  whose  count  is  now  accumulated  by  the  range 
counters  displayed.  Therefore,  the  purpose  of  U7C 
on  or  off  to  accept  or  reject  the  range  clock  on  the  basi  . 
the  state  of  the  flip-flop  of  U8C  and  U7A.  This  flip-flop  is 
controlled  by  the  start’  switch. 
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Meanwhile,  the  output  of  U8C  is  a  logic  high  following 
operation  of  thejtart  switch  bus.  Thls 

aUows^he  clock  to  function  and  the  elapsed  time  circuits  to 
count  up. 


If  a  low  signal  is  applied  to  pin  10 

flip-flop  will  take  up  the  £  and  gates  off  the  range 

motor  voltage,  inhibits  the  time  '  h*  total  elapsed  time 

input  count.  When  this  condit  .  .  '  set-clear  is  depressed, 

and  range  is  displayed  and  held  P 

Such  Stop  signals  are  available  f.  i  .P  ces  a  low  at  pm  10 
if  the  stop  switch  S4  ^  depresse  ,  h  P  Secondf  the 
of  U7A  to  change  the  state  of  the  “ILtor  pin  H  from  the  SSS 
arrival  of  a  final  arm  S19^a  inverter  U1A.  This  signal  is 

is  placed  at  pin  11  of  t  is  routed  to  pin  11  of  the 

again  inverted  by  U2A  whose  P  final  arm  signal  is  a 

flip-flop  to  Stop  and  display  •  «  reached  a  logic  0 

low  Which  occurs  when  al^?on  Reached  when  the  preselected 
output,  which  is  the  conditio  c  -h  12  of  U2A  provides  a 

ssEahUrbss  rss  ?i& .»  ^idea  °n  the  front  ° 

the  ICP  control  panel. 


The  third  stoPPin^  te^a^U?ontaEtsVfo?ceba  low  at  pin  10 
When  S8  is  turned  on,  the  re  y  f  the  system  will  stop 

of  U7A  following  timer  run  out.  acti;n.  it  should  be 

stated  that Swhent used  ^time  ^  ^he  input  -^should 

is  reached  prror  ho 

timer  run  out.  .  .  , 


LiulCJ-  j.  —  — , 

..  aoplied  to  the  SSS  (position  system 

The  restatt  voltage  PP  tke  start  button  is 

only)  by  means  of  s2*  ^"^thus  applied  is  routed  to  turn  on 
depressed,  the  motor  voltage  thus  pp  ed  down  to  shut  off 

a  TIP31A  transistor  whose  coi^ct°Leref ore ,  when  the  system  is 
QlO  and  Q9,  the  Pres^r^pS°g  removed  if  it  has  been  turned  on. 
started,  prestart  voltage  is  removed  and  the  pre- 

“tiCSlly-  -  ..  a  urea, 


start  voitayc  — prearm 

The  prearm  indication  is  P^v^ebbyUUlBaand  U2B  to  pro- 
signal  isPa  low  which  is  ^^fSoSr oiled  by  the  SSS 
vide  a  ground  for  LLD . I’ thghgSS  is  disconnected  and  the 
counters ;  therefore,  if  the  bb 
turned  on,  the  prearm  will  be  o 


* 
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Both  the  null  voltage  and  the  motor  velocity  can  be  moni¬ 
tored  at  the  ICP.  Connector  jacks  are  provided  on  the  control 
panel  via  connector  pins  J  and  G. 


Since  the  total  supply  sources  to  the  SSS  are  the  motor  and 
logic  voltages,  the  power  consumption  can  be  measured  by  means 
of  shorting  bars  shown  in  series  with  connector  pins  D  and  B. 

By  removing  the  shorting  bars  and  replacing  them  with  precision 
0.1-ohm  resistors,  the  power  from  each  source  can  be  determined.. 
This  is  done  by  measuring  the  voltage  across  the  resistor  and 
dividing  by  the  resistance  to  obtain  the  current.  Multiplying 
this  current  by  the  applied  voltage  yields  the  power. 


i  | 
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OPERATION  PROCEDURES 


These  paragraphs  provide  a  description  of  operating  Proce-^ 
dnres  and  techniques  for  interfacing  the  ICP  to  the  SSS  Iii^® 
t-rations  of  the  control  and  side  panels  are  shown  m  Figures  47 
and  48  and  Figure  49  shows  the  electrical  interface  between  the 
SSS  and  ICP.  Operating  procedures  are  outlined  in  a  step-by 
step  sequence  for  various  functional  options. 

Connection  Procedure . 

a.  Position  System  SSS: 

(1)  Power  switch  off. 

(2)  Connect  cable. 

(3)  Proceed  to  range  limit  procedure. 

b.  Torque  System  SSS: 

(1)  Power  switch  off. 

(2)  24-volt  supply  switch  off. 

(3)  Connect  cable. 

(4)  Connect  leads  as  follows: 

(a)  Yellow  plugs  to  sensor  current  jacks  (order 
important) . 

(b)  Red  plug  to  +24V  jack. 

(c)  Black  plug  on  white  wire  to  -24V  jack. 

(d)  Blue  plug  to  RPM  current  jack. 

,G)  panel.^Bse'a  ^conne^the^ 

motor  voltage  (green)  jacks. 

(£)  Black  plug  or  brown  wire  to  ground. 

(5)  insert  proper  resistor  into  Rx  jacks. 

(6)  Turn  motor  voltage  control  full  CW. 

(7)  proceed  to  range  limit  procedure. 


SENSOR 


2 
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NOTES  s 


J1  THROUGH  J 8  ARE  BANANA  JACKS. 

J  9  IS  THE  OUTPUT  FROM  THE  EXISTING  MOTOR 
VOLTAGE  JACKS  (GREEN)  ON  ICP  FRONT  PANEL. 
RX  IS  MOUNTED  ON  GR  PLUG  P1/P2. 

P 3  THROUGH  P9  ARE  BANANA  PLUGS. 


Figure  49.  Final  Prototype  SSS  Electrical  Interface  with  ICP 


NOTE 


The  24-volt  supply  switch,  S9,  is  provided  to 
prevent  voltage  from  being  applied  to  the  motor 
when  the  ICP  power  switch  is  turned  off.  This 
occurs  because  at  the  time  the  power  switch  is 
opened  the  voltage  that  holds  the  enable  signal 
low  ceases,  allowing  the  SSS  to  be  enabled, 
which  causes  the  motor  to  run  on  voltage  stored 
in  ICP  filter  capacitors  C2,  CIO,  Cll,  and  C12. 
The  motor  runs  at  high  speed  because  the  torque 
feedback  loop  is  opened  immediately  when  the 
power  switch  is  turned  off,  so  that  the  SSS 
operational  amplifier  offset  is  able  to  provide 
a  motor  drive  signal.  Therefore  the  24-volt 
supply  switch  must  be  turned  off  until  after 
the  ICP  power  switch  is  turned  on. 

Range  Limit  Procedure . 

(1)  Power  switch  on. 

(2)  Depress  lamp  test  switch. 

(3)  Select  range. 

(4)  Depress  set-clear  switch. 

(5)  Select  elapsed  time  accuracy  1  ms  or  10  ms. 


(6)  Turn  off  prestart  switch. 

(7)  Turn  off  timer  switch. 


NOTE' 

At  this  point,  range  and  elapsed  time  displays 
shoulo  read  0  and  final  arm/prearm  LEDS  off. 
System  is  now  ready  to  start. 


(8)  Depress  start  button, 


NOTE 


The  system  window  fdnc^ion^ntil^he  selected 
range  is  reached.  .  displaying  range 

S  Siyrs  *•*" 

LED ' s  will  be  on . 
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To  repeat  a  run  under  the  same  conditions  or  a  different  ranqe, 
the  operation  is  as  follows: 

(1)  Set  range. 

(2)  Depress  set-clear. 

(3)  Depress  start. 

Timer  Operation. 

(1)  Remove  the  SSS. 

(2)  Turn  or  timer  switch. 

(3)  Select  accuracy,  1  ms  or  10  ms 

(4)  Depress  start  button. 

(5)  Record  the  run  time. 

(6)  Adjust  the  potentiometer  -  CW  to  increase  time, 

CCW  to  decrease. 

(7)  Depress  set-clear. 

(8)  Depress  start. 

(9)  Repeat  steps  (5)  through  (8)  until  desired  time  is 
recorded. 

(10)  Reconnect  SSS. 

(11)  Set  range  above  expected  level. 

(12)  Depress  set-clear. 

(13)  Depress  start. 

NOTE 

If  the  selected  time  is  short,  the  start  button 
must  be  released  quickly. 

(14)  Record  range  and  time. 

TO  repeat  this  run,  repeat  steps  (12)  and  (13). 


! 

< 
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NOTE 


For  repeating  runs,  it  is  necessary  to  allow 
sufficient  time  for  the  motor  to  run  down 
prior  to  starting  a  new  run.  Otherwise  when 
the  set-clear  is  depressed,  the  SSS  counters 
will  begin  accumulating  run  down  distance. 
The  1CP  is  not  affected;  however,  the  final 
range  seen  on  the  display  will  be  less  ‘ than 
the  selected  range  and  the  elapsed  time  will 
be  shorted  than  expected. 


Prestart  Operation, 


Position  system  only. 


CAUTION 


when  the  ICP  is  to  be  functioned  with  the  SSS 
connected,  the  prestart  voltage  potentiometer 
should  be  turned  full  counterclockwise  to 

remove  all  prestart  voltage.  ,  P  sup- 

full  clockwise,  excessive  power  will  be  P 

plied  to  the  SSS  motor. 

To  use  the  prestart  function,  proceed  as  before,  following  the 
steps  below: 


(1) 

(2) 

(3) 

(4) 


(5) 


Turn  the  prestart  voltage  pot  full  CCW. 

Turn  on  prestart  voltage  switch. 

Connect  oscilloscope  or  counter  to  count  jack. 

Adjust  pot  until  the  desired  velocity  is  recorded. 

CAUTION 

If  velocity  is  greater  ^an  200  Hz.  the  Prestart 
voltage  should  be  turned  off  when  tne  sy 
not  being  functioned. 

To  operate,  depress  ^-clea ^a^Cessary^UtSiI  is 

because^the 

r^nrtSfset-™^  be  depressed  along  with 
the  start. 
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